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A b str a c t
Use of sa te l l i te  clata to  s tu d y  th e  surface and  cloud p ropert ies  and  th e  so lar rad ia­
tion budget (SRB) is very  im p or tan t  for im proving  ou r u nd e rs ta n d in g  o f cloud and  
sea-ice a lbedo  feedback in the  Arctic. B ased  on an accu ra te  and  com prehens ive  Ra­
dia tive  Transfer M odel (R T M ). a lgo rithm s were developed for using th e  Xational 
Oceanic and  A tm o sp h er ic  A dm in is tra t io n  (X OA A) A dvanced  Very High Resolu­
tion R ad io m e te r  (A V H R R ) d a ta  for th e  d isc r im ina tion  of cloud from  snow /ice  
surfaces, retrieval o f  snow surface p rope rt ies  and surface a lbedo , a n d  retrieval of 
cloud op tica l  d ep th  ( t ) and  effective d ro p le t  size (/y).
T h ro u g h  the  im p ro ved  es t im ation  o f  solar reflectance in A V H R R  channel 3 
(3.75 / /m ) and  a tm o s p h e r ic  anisotropic  correction , a  th resho ld  function  was found 
and used for developing  an  au to m a tic  c loud  d iscr im ina tion  a lg o r i th m  over snow /ice  
surfaces. T h in  c irrus was d isc r im ina ted  using  the brigh tness t e m p e ra tu r e  difference 
between A V H RR  chan ne ls  4 and  5 and  brigh tness te m p e ra tu r e  in channe l 4.
Retrieval of snow gra in  size and m ass-frac tion  o f soot from A V H R R  is difficult 
because of th e  effects o f aerosol in channel 1 and  the  s tro ng  w ate r  vapor absorp tion  
in channel 2. R etr ieval of surface a lb edo  is more prom ising , b u t .  w ith  th e  m elt 
of snow /ice . different narro w -to -b ro ad b an d  conversion re la tions shou ld  be used to 
derive b ro ad b an d  a lb edo .
A V H R R  channels  2. 3 and  4 are used to  retrieve r .  ry and  cloud top  te m p e ra tu re  
s im ultaneously . V alida tion  of these a lgo ri thm s w ith in-situ  a ircraft  m easu rem en ts  
by th e  X C A R  C-130 an d  th e  XASA ER-2 and  with surface m e a su re m e n ts  o b ta in ed  
during  th e  Surface H eat B udget of the  A rc tic  Ocean (S H E B A ) e x p e r im e n t  indicates 
tha t th e  re trieved  r e is close to  the " t ru e "  value o f ry. b u t the  re tr ieved  r  tends 
to be o v e res t im a ted .  U ncerta in ties  of c loud  retrievals w ith  regard  to  c loud cover 
fraction, vertical in hom ogeneity , m u lti- layer s tra tif ica tion  and  c loud  phase  were
iii
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exam ined . In te r  com parison  o f  different s a te l l i te  d a t a  d e m o n s t ra te s  t h a t  N O A A - 
14 A V H R R  d a t a  for S H E B A  is o v e re s t im a te d  by l0-20c/c using th e  ca l ib ra t io n  by 
Rao and  C h e n  (1996).
Finally, seasonal  varia tion  o f surface a lb edo , c loud  p ro p er t ies  an d  S R B  over 
SH EB A  was der ived  based on  1 or 2 A V H R R  overpasses per d ay  from  A pril  to  
A ugust. 199S.
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C hapter 1
In trod u ction
In th e  con tex t o f  global change, th e  A rc tic  is considered  to be o f p a r t ic u la r  im p o r ­
tan ce  because it is vu lnerab le  to  global change (e.g. IPC’C. 1990). T h e  ocean-ice- 
a tm o s p h e re  processes tha t  con tro l  th e  surface albedo  and  c loud-rad ia tion  feedback 
a re  poorly u nd e rs too d  as c u r re n t  G lobal C lim ate  M odels (G C M s) p roduce  w idely  
d ifferent s im u la tions  of the  p resen t A rctic  c lim ate  a n d  predictions of h ig h - la t i tu d e  
response  to a C'Oo doubling  (e.g. M oritz  e t al.. 1993: Moritz and  Perovich. 1996). 
P oor p e rfo rm ance  of G CM s in th e  A rc tic  and  the  need  for b e t te r  u n d e rs ta n d in g  of 
A rc tic  c lim a te  an d  c lim ate  ch an ge  require  improved t re a tm e n t  o f cloud and  sea-icc 
a lb edo  feedback in regional a n d  global c lim ate  m odels. This in tu rn  requires: ( 1 ) 
b e t t e r  u n d e rs tan d in g  of cloud p rope rt ies  and cloud rad ia tive  in te rac tions . (2 ) b e t ­
te r  m e th o d s  to e s t im a te  the  S R B  in the  Arctic from sa tell ite  d a t a  because sa te l l i te s  
p rov ide  a large coverage. Q ues t io n s  th a t  m ust be addressed  include: (1) w ha t are  
th e  cloud p rope rt ies  in the  A rc tic  a n d  how do they  vary  with th e  season? an d  (2) 
how do clouds influence th e  ra d ia t iv e  energy budget in the A rctic?  and  (3) how 
does th e  SRB vary  during  th e  m e lt in g  season from M ay to A ugust in the  A rc tic?
1
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1.1 C h aracter istics  o f  C louds and S o lar R ad ia ­
t io n  B u d get in  th e  A rctic
Solar rad ia t ion  in th e  Arctic  (s im ila r  to  the A n ta rc t ic )  exh ib i ts  m uch  g rea te r  sea ­
sonal change th a n  at t e m p e ra te  a n d  tropical la t i tu d es  on th e  e a r th .  Because th e  
re lative m ovem en t of the  sun an d  e a r th ,  the  A rc tic  experiences no insolation  d u r ­
ing w inter an d  an  overall m a x im u m  during  su m m e r .  The long so lar i l lum ina tion  
in su m m er resu lts  in the  largest an d  most significant tem p o ra l  a n d  spa tia l  change 
of surface o p t ica l  properties , e.g. albedo, due  to  th e  m elting  o f  snow /ice . T h is  
m elting  season is from May to  A ugus t in the  cen tra l  Arctic  O cean  but varies w ith  
la t i tude . In genera l, snow covers th e  Arctic sea ice for 8-9 m o n th s  o f  th e  year, 
and  it evolves from d ry  snow in A pril-M ay to w et. m elting  snow  in .June, and  th e  
melt w ater soaks the  rem ain ing  snow and collects in ponds. As the  m elting  sea­
son progresses, th e  snow cover d isappears , the  b a re  ice develops a  m e ltin g  surface 
g ranu lar  layer, and  th e  ponds grow deeper and w ider (Perovich  et al.. 1999).
Albedo, a  q u a n t i ty  to descr ibe  th e  reflectivity o f  the  surface , is a critica l com ­
ponent of th e  surface heat balance . Very high a lbedo  of sn o w /ic e  surface and  th e  
significant change  in albedo d u r in g  th e  melting season in th e  A rc t ic  a re  of p r im ary  
im p or tan ce  to  the  energy budget in the  Arctic  (S tam n es  e t  a l. .  1999). For snow- 
covered first-year ice in April, w ave leng th -in tegra ted  albedos w ere high (0.8) an d  
spatia lly  un ifo rm . At the onset o f  m elt in J u n e ,  th e  ice su rface  rap id ly  evolved 
into  a variegated  m ix tu re  of m e l t in g  snow, bare  ice. and  melt p onds . A lbedos were 
lower and  ex h ib i ted  considerab le  spa tia l  variability , ranging from  0.2 to  O.o over 
d is tances o f a  few m eters  c o n co m itan t  with the  varia tion  in th e  surface  ch a rac te r ­
istics (Perovich  et al.. 199S). In S ep tem ber,  w ate r  begins to  freeze which increases 
a lbedo  and . as w in te r comes, p rec ip ita t io n  of snow fu rther increase  th e  surface
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albedo.
Clouds a re  one o f th e  m ost  im p o r tan t  factors m o d u la t in g  the  rad ia t io n  b ud­
get. T he  A rc tic  a tm o s p h e re  is charac ter ized  by persis ten t a n d  prevalent low-level 
s t ra tu s  clouds com pris ing  o f two or m ore  sep ara te ,  well-defined layers (for e x a m ­
ple. H erm an . 1977: T say  and  Jayaw eera. 1984). T h e  h ighest am o u n ts  o f low-level 
clouds were observed  in a u tu m n  and s u m m e r  w ith  the  sm a l le s t  am o un t  o ccu rr in g  
in w in te r  a n d  spring. A nnually . 10/10 cloud  cover is th e  m o s t  frequent ca tegory  
(abou t 15%) w ith  s t r a tu s  th e  most frequen tly  observed c lou d  type  (C u r t is  e t  al.. 
1998). T h e  an n u a l  cycle o f m ean  m o n th ly  fractional c loud  cover in th e  cen tra l  
A rctic  shows a s u m m e r t im e  m ax im u m  as high as 90% an d  a  m in im u m  of 40% to 
68% d u r in g  th e  w in ter (H a h n  et al.. 1995).
T he  d o m in a n t  effects o f  clouds on the  so la r  rad ia t ion  b u d g e t  for th e  a tm o s p h e re -  
surface sy s tem  in the  A rc tic  is especially  significant d u r in g  the  late  sp r in g  and  
su m m e r  w hen th e  m ean  cloudiness exceeds S5% and  th e  inc iden t  sh o r tw ave  radi­
a tion  is large (M oritz  a n d  Perovich. 1996). From  the  A rc tic  S tra tu s  E x p e r im e n t .  
H erm an  an d  C'urry (19S4) found the values o f b ro ad b an d  shor tw ave  o p t ica l  d e p th  
for the  su m m e r t im e  A rc tic  s t r a tu s  is 2-24 for low-level c louds  and  2-5 for m idlevel 
clouds. Liquid w ate r  p a th  (LVVP) in A rc tic  s t r a tu s  is n o rm a lly  less th a n  20 g m ~ 2. 
A rctic  c loud optica l d e p th  d e te rm in ed  from  sa te ll i te  by th e  In te rn a t io n a l  S a te l l i te  
Cloud C lim ato logy  P ro je c t  (ISCC'P) analys is  is abo u t  10-15 a t  0.6 /m i w ave leng th  
in s u m m e r t im e ,  and  m u ch  larger (abou t 40-60) in sp ring  a n d  a u tu m n  (Rossow 
and  C a rd e r .  1993a.b). b u t  it m ay  be s ignificantly  o v e re s t im a te d  due to  th e  use of 
spherical p a r t ic le  s c a t te r in g  phase  function  for ice crystals  (M inn is  e t a l. .  1993).
3
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1.2 R a d ia tio n  B u d g et S tu d y  from  S a te llite
4
T h e  ra d ia t io n  b ud g e t  represents th e  b a lance  betw een  incom ing energy  from  the  sun 
a n d  o u tg o ing  th e rm a l  (longwave) and  reflected (shortw ave) energy  from th e  E arth . 
E n e rg y  from  solar rad ia t io n  is the  d r ive r  o f the  m ovem en t o f th e  a tm o sp h e re  and  
o cean ,  a n d  of the  incom ing  solar flux (342 \ Y m ~ 2 averaged  over t h e  en t i re  p lanet) .  
3 I t/(’ is reflected back  to  space th ro u g h  the  com plex  rad ia tive  in te rac tio ns  w ith  the  
a tm o s p h e re -e a r th  sy s tem , and the  rem inde r  is a b so rbed  by th e  a tm o sp h e re  and  
t h e  E a r th 's  surface.
W i th  th e  dev e lo p m en t  of sa te l l i te  techniques, observations o f  th e  global ra ­
d ia t io n  budget b e c a m e  possible. To im prove o u r  u n d e rs tan d in g  of th e  rad ia t ion  
b u d g e t  an d  its effects on the  E a r th 's  c lim ate , th e  first a t t e m p t  to m ak e  accu­
r a te  reg ional and  g lobal m easu rem en ts  of the  co m p o n en ts  of th e  rad ia t io n  budget 
from  sa te l l i te .  E a r th  R adia tion  B udget Sate lli te  (E R B S ).  E a r th  R ad ia t io n  Budget 
E x p e r im e n t  (E R B E ) was carried o u t  in 1985 a n d  19S6. in w hich E R B E  in s tru ­
m e n ts  w ere  launched  on two N ationa l O ceanic a n d  A tm ospher ic  A dm in is tra t io n  
(X O A A )  w ea ther  m o n ito r ing  sa te l l ites .  NOA A-9 an d  NOAA-IO in 1984 and  1986 
( H a r tm a n n  et ah . 19S6).
T h e  C louds a n d  th e  E a r th 's  R ad ian t  Energy S ys tem  (C E R E S )  e x p e r im en t  is 
e x p e c te d  to  im prove  th e  u nd e rs tan d in g  of the  role o f clouds a n d  th e  energy  cycle 
in g lobal c lim ate  change . The first C E R E S  in s t ru m e n t  was successfully  launched 
a b o a rd  th e  Tropical Rainfall M easuring  Mission (T R M M ) sa te l l i te  in N ovem ber 
1997. C E R E S  also flew on the  EOS sa te ll ites  s t a r t in g  in 1999. M ult ip le  satellites  
a re  needed  to  p rovide  adequa te  tem p o ra l  sam pling  since clouds a n d  rad ia t iv e  fluxes 
vary  th ro u g h o u t  t h e  day. T he initia l d a t a  from C E R E S  on T R M M  suggest th a t  the  
C E R E S  in s t ru m e n ts  a re  su bs tan tia lly  im proved over th e  E R B E  in s t ru m e n ts .  T h e  
C E R E S  d a t a  show lower noise, im proved  ties to th e  ground  ca lib ra tio n  in abso lu te
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t e rm s ,  and sm a lle r  fields of view'. T h e  C E R E S  in s tru m en t ca lib ra tion  s tab i l i ty  on 
T R M M  is b e t t e r  th a n  0.2% a n d  ca libra tion  consistency from g ro und  to space  is 
b e t t e r  than  0.25%. Such levels o f accuracy have never before been achieved for 
rad ia t io n  bu d g e t  in s tru m en ts  (W ielicki et al.. 1996). C ER ES was developed for 
EOS (E a r th  O bserv ing  S ystem ), and  its p roduc ts  include both  solar-reflected and  
E a r th -e m it te d  rad ia tion  from th e  top  of th e  a tm osphere . C loud p roperties  are  
d e te rm in ed  using  s im ultaneous  m easu rem en ts  by o th e r  EOS in s t ru m en ts  such as 
th e  M odera te  Resolution Im ag ing  S pec tro rad iom ete r  (M ODIS).
Due to th e  com plex  physical an d  chem ical processes involved in rad ia t ive  t r a n s ­
fer in the  ea r th -a tm o sp h e re  sy s tem , large uncerta in ties  with respect to th e  e s t i ­
m a t io n  of th e  rad ia t ion  b udget  and  its influence on clim ate  change still ex is t ,  
especially  th e  rad ia t ion  at th e  surface in the  po la r regions. Norm ally, two kinds 
o f  m ethods:  e m p ir ic a l /s ta t i s t ic a l  a n d  theo re tica l/phy sica l  are  used to derive  the  
incom ing  shor t  wave rad ia t ion  o r net shortwave rad ia tion  at the  surface (P in k e r  
e t al.. 1995). E m p ir ic a l /s ta t is t ic a l  m ethods  ju s t  com pare sa te l l i te  and surface  
m e asu rem en ts  o f rad ia tion  a n d  find an em pirical relation betw een  them , so they  
a re  s ite  specific an d  difficult to  use. T heo re tica l/p hys ica l  m e tho d s  use a rad ia t iv e  
t ran s fe r  m odel w ith  inpu t variables derived from sa tell ite  d a ta  to  c o m p u te  th e  ra ­
d ia t io n  budget.  So. theo re tica l/p hy s ica l  m ethods  can trea t ,  a t  least in p rinciple , 
all kinds of realistic  a tm osph e ric  and  surface s i tua tions  once all th e  inpu t variables 
a re  available. T w o most im p o r ta n t  variables contro lling  the  downwelling surface 
so la r  rad ia t ion  a re  cloud p ro pert ies  and  surface a lbedo  or. m ore accura te ly , su rface  
B R D F  (B id irec tional Reflectance D istr ibu tion  Function), which is a  function  of 
su rface  p roperties ,  viewing g eo m e try  and  w avelength. However, large u n c e r ta in ­
ties in the in p u t  param ete rs ,  like cloud optical p roperties  and  surface a lbedo , a re  
th e  essential p roblem s. W ith  im proved  derivations of the  c loud p roperties  a n d  
su rface  p ropert ies  from sa te l l i te  m easu rem en ts ,  theo re tica l/phys ica l  m e tho d s  will
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be ap p l ic ab le  to  e s t im a te  th e  rad ia t io n  budget,  i.e. the  dow nw elling  so la r  rad ia­
tion. net so la r  rad ia t io n  at su rface , net rad ia t io n  in the  c o lu m n  o f  a tm o s p h e re ,  or 
shortw ave forcing a t  the  top  o f  a tm o sp h e re  in th e  Arctic  regions. In th is  thesis , we 
will only inv es t ig a te  the  use o f  th eo re t ic a l /p h y s ica l  m e tho d s  to  e s t im a te  th e  solar 
rad ia tion  b ud g e t  in th e  A rctic .
As th e  sp a t ia l  coverage o f  g round-based  rad ia t io n  m e a su re m e n ts  in th e  Arctic  
is sparse  as co m p a re d  with m id -  a n d  low -la titudes. and  due  to  th e  large sp a t ia l  and  
tem pora l  va r iab il i ty  of cloud a n d  surface p roperties  during  th e  t ra n s i t io n  seasons 
in the  A rc t ic  regions, sa te ll i te  observations b ecam e  a pow erful a n d  econom ical 
techn ique  in th e  pas t  decades, especially  in th e  polar regions w here  in -s itu  long­
te rm  m e a su re m e n ts  are  difficult a n d  expensive.
1.3 A V H R R , its  C a lib ra tion  and A p p lic a tio n s
T he  A dvanced  Very High R eso lu tion  R ad io m e te r  (A V H R R ) was des igned  in the  
mid-70s as an  in s tru m en t  to  be flown on th e  NOAA  p o la r-o rb i t in g  sa te l l i te  for 
m eteoro logical purposes (C 'racknell. 1997). A V H R R  is a b ro ad -b a n d .  four o r  five 
channel (d ep en d in g  on the  m o d e l)  scanner, sensing  in the  visib le, n ea r- in fra red ,  and 
the rm al in f ra red  portions o f t h e  e lec tro m agne tic  sp e c tru m . T h e  A V H R R  sensor 
provides g lobal (pole-to-pole) o n -b o a rd  collection of d a ta  from  all sp ec t  ral channels. 
Each pass o f  th e  sa te l l i te  p rov ides  a  2.399 km  wide sw ath . T h e  o rb i ta l  period  of 
a polar o rb i t in g  sa te l l i te  is a b o u t  102 m inutes which p roduces 14.1 o rb its  p e r  day 
from S33 k m  above  the  surface . In the  po lar regions, overlap  o f  sa te l l i te  passes 
provides e n h a n c e d  o p p o r tu n i ty  for A V H RR to  observe the  p o la r  e a r th  surface , so 
AV H RR  coverage  is especially  good  in the  A rctic .
T h e  first version o f A V H R R  was a  four-channel version flown on T IR O S -N : a 
slightly d ifferent four-channel version  flown on N O A A -6 . -S. a n d  -10: a n d  a  five-
6
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T a b le  1 .1  A V H R R  S p e c tra l  F e a tu re s  (p m ) .
C h a n n e l Sate ll i tes:N O A A -6 .S.10
Satellites: N O A A -7 .9 .11.12.14.15 IF O V (m r)
1 0.58-0.68 0.58-0.68 1.392 0.725-1.00 0.725-1.00 1.413 3.55-3.93 3.55-3.93 1.514 10.50-11.50 10.3-11.3 1.415 band 4 rep ea ted 11.5-12.5 1.30
channel version  flew on N O A A -7 . -9. -12 a n d  -14. N OA A -15 becam e  availab le  in 
May. 199S. In N O A A -lo .  a  new  channel a t  1.6 is used a l te rn a te ly  in d a y t im e  
instead  of 3 .7  [*m channel in n igh t tim e. A list o f  A V H R R  sp ec tra l  fea tures a n d  
re la ted  in fo rm a tio n  is shown in T able  1.1.
C hanne ls  1 a n d  2 were c a l ib ra ted  before a n d  after  lau n ch , to  provide d irec t  
quasi-Iinear conversion  be tw een  th e  10-bit d ig i ta l  num bers a n d  th e  albedo. In th e  
laborato ry , tw e lve  m atched  q ua rtz - iod ide  lam p s , which e m i t  known rad iance , a re  
used. By tu r n in g  on com bin a t ion s  of the  lam ps , a  plot o f  rad ia n ce  versus o u tp u t  
digital c o u n ts  is con s tru c ted  for each channel. T h e  slope S', a n d  in te rcep t L, o f  th e  
s tra igh t  line  t h a t  best fits th is  plot is used to  convert d ig ita l  cou n ts  C  r e tu rn e d  by 
th e  sa te l l i te  to  a lbedo  (p e rcen t)  .4, a t the  T op  O f  A tm o sp h ere  (T O A ):
Ai  =  a * C  +  b (1-1)
Due to  senso r  deg rad a tion ,  p re-launch ca lib ra tion  coefficients a .b  for channe l  
1 and c h an n e l  2 changes d u r in g  th e  in flight. As there  are  no  on-board  ca lib ra tio n  
devices, p o s t- lau n ch  ca lib ra tion  to  e s t im a te  th e  d eg rad a tion  ra te  has to be  m a d e  
against su rface  ca lib ra tion  ta rg e ts ,  for exam p le ,  ocean g lin t,  deser t  reflection (see 
for exam p le .  K au fm an  a n d  H olben . 1993: R ao  a n d  Chen. 1995. 1996: Teillet e t  al..
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8T a b i c  1 .2  C a lib ra t io n  C oeffic ien ts  fo r X O A A -14  A V H R R  (a f te r  R a o  a n d  C h en . 1996).
Year Ju lian  Day C h { a C'hi  b C'h -y a C'h2 b1998 2S6 -5.7S45 0.1411 -7.4040 0.1S06
199S 267 -5.7512 0.1403 -7.3505 0.17931998 224 -5.7246 0.1396 -7.3077 0.1782199S 163 -5.6647 0.13S2 -7.2113 0.17591998 138 -5.6380 0.1375 -7.1685 0.17481998 104 -5.6114 0.1369 -7.1257 0 .173S
1990). o r  using s im u ltaneous a ircra ft  or sa te l l i te  m easu rem en ts  (see for exam p le  
Leob. 1997: M arsha ll  et al.. 1999). T he  reflected solar rad ia t io n  in channels I an d  2 
a re  in a lbedo u n i ts  and  are ca lcu la ted  using th e  pre-launch  ch an ne l  charac ter is tics ,  
an d  a re  stored as short integers in units of a lb ed o  (9c)* 100- and  for XOAA-14. 
t im e  dep end en t  coefficients a re  used as listed in Table 1.2 based on the  p o s t­
launch  ca lib ra tion  by Rao and  C hen  (1996). In o u r  study, we found ind epen den tly  
tlie  ca lib ra tion  e r ro r  of Rao a n d  C hen  (1996). as described in Section  5.4.2.
Based on Rao  and  Chen (1999). the ir  last post-launch  ca lib ra tion  (Rao and  
C h en .  1996) ov e re s t im a ted  th e  in-orbit d eg rad a t io n  of th e  channel 1 and 2. re­
su l t in g  in spurious upward tren d s  in the a lbedo  t im e  series. From  Rao and C hen  
(1999). the  m ore  accu ra te  A V H R R  rad ia n ce /a lb e d o  is o b ta in ed  by m u ltip ly ing  th e  
last derived  values (R ao  and  C hen . 1996) by correc tion  fac tors as follow (Rao and  
C h en .  1999):
C h a n n e l  1 : C’Fy =  1.015 -  8.8 * ICT'V +  1.3 * 10 ~s d 2 (1.2)
C h a n n e l  2 : C F 2 =  1.037 -  1.8 * lO "4*/ +  3.2 * l O ' V 2 (1.3)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
w here  d is th e  num ber o f  days a fter  th e  launch of X OA A-14 in D ecem ber . 30. 
1994. C hanne ls  3. 4 and  5 can  be c a l ib ra ted  in flight. M ore details on A V H RR 
in s t ru m e n ta t io n  is p rovided by Kidwell (1995).
T h e re  are  th ree  fo rm ats  for A V H RR  d a ta :  High R eso lu tion  P ic tu re  T ransm is­
sion (H R P T )  d a ta  are full resolution im age  d a ta  t r a n s m i t t e d  to a g ro u n d  s ta tion  
as they  are  collected. Local Area Coverage (LAC) a re  full resolution d a t a  tha t  
a re  recorded  on an o n -bo ard  tape  for subsequen t transm iss ion  d u r in g  a  s ta tion  
overpass. T h e  average in s tan tan eou s  field-of-view for b o th  H R P T  and  LAC is 1.4 
m illirad ians  which yields a  LAC g round  resolution  o f a p p ro x im a te ly  l . l  km  at the  
sa te l l i te  nad ir .  Global A rea  Coverage (G A C ) d a ta  a re  derived  from a  sam p le  av ­
erag ing  o f th e  full reso lu tion  AVHRR d a ta .  Four o u t  o f every  five sam p les  along 
th e  scan line a re  used to  c o m p u te  one average  value a n d  th e  d a ta  from  only  every 
th i rd  scan line are processed, yielding 1.1 km  by 4 k m  reso lu tion  at th e  subpo in t.
T h e  d a ta  ga thered  by A V H RR  have com e to be w idely  used in m a n y  areas in 
a d d i t io n  to  meteorology a n d  oceanography. T here  a re  m an y  o th e r  env iro n m en ta l  
app lica t io n s  which was never envisaged w hen the  A V H R R  was originally  designed. 
D eta iled  descrip tion  of th e  non-m eteorological app lica tions  of A V H RR  is provided 
bv C racknell (1997). T h e  m ost successful exam p le  a re  vegeta tion  indices (Crack- 
nell. 1997). O th e r  app lica tions  include, for exam ple , ocean  surface t e m p e ra tu re ,  
snow and  ice cover, snow dep th ,  volcano, forest fire, p rec ip ita t ion  a n d  w ater re­
sources. In o rder  to use A V H R R  d a ta  for s tud ies  of th e  po lar cloud p ro pe r t ies  and 
rad ia t io n  b udget,  one needs to  m ake cloud an d  surface d isc r im ina tion  a t  first, then  
one  m ay  proceed to re tr ieve  surface op t ica l  p roperties ,  such as a lbedo , a n d  cloud 
p ro pert ies ,  including c loud optical d e p th ,  effective c loud  partic le  size a n d  cloud 
top  te m p e ra tu re .
9
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1.4 A tm o sp h er ic  A tten u a tio n  in  A V H R R  C h a n ­
n els
10
W hile e lec tro m agn e tic  waves p ro p ag a te  th rough  th e  a tm o s p h e re -e a r th  sy s tem , 
they  will be  sca tte red  or absorbed . T h e  sca tte r ing  by par t ic le s  which a rc  sm all  
co m p a re d  to  the  w avelength  o f the  light is called R ayle igh  sca tte r ing .  R ayleigh 
sc a t te r in g  by molecules d ep en d s  inverse ly  on the  fo rth  pow er of the  w aveleng th , 
so R ayle igh  sca tte r ing  is very  im p o r ta n t  in AV H R R  c h a n n e l  1. and  its effect in 
channe l 2 is m uch weaker th a n  channel 1. Similarly, s c a t t e r in g  by aerosol is signif­
icant in channel 1. A b so rp tio n  by aerosol s trongly  d e p e n d s  on  its com positio n . As 
channe l 2 is b road  an d  covers the  s t ro n g  w a te r  ab so rp t io n  b an d  cen tered  a t 0.94 
/m i.  th e  abso rp t io n  o f w a te r  vapor in c h an n e l  2 is s ign ifican t. For channel 3 w a te r  
vapor line abso rp t io n  is th e  p rincipal m echan ism  b u t  several m in o r  c o n s t i tu e n ts ,  
n o ta b ly  C O 2 as well as w a te r  vapor c o n t in u m . also have  a significant effect on  th e  
a t t e n u a t io n  of solar rad ia t io n .  As chan ne l  3 includes th e  th e rm a l  rad ia t io n  from  
th e  a tm o s p h e re ,  cloud and  surface in a d d i t io n  to reflected  so la r  rad ia t ion , channe l 
3 was se ldom  used before. A V H R R  channe ls  4 and o a re  loca ted  in an a tm o s p h e r ic  
w indow  region where th e  a tm o sph e r ic  t r a n s m i t ta n c e  is h igh . T h e  w a te r  vapor 
c o n t in u m  abso rp tion  is th e  m ain  ab so rp t io n  m echan ism . C O 2 has a s ign ifican t 
ab so rp t io n  b an d  in channe l 4.
R eflec tiv ity  over su rface  in different channels  is d iffe ren t .  A V H R R  chan n e l  1 
is sens it ive  to  bo th  snow g ra in  size a n d  m ass-frac tion  o f soot while chan ne l  2 is 
p r im a r i ly  sensitive  to snow gra in  size a n d  relatively  in sensitive  to  th e  m ass-frac tion  
of soot.  A lbedo  in channel 2 decreases significantly  over w a te r  or ponds on th e  ice. 
O ver c louds, b o th  channels  1 and  2 a re  sensitive  to  c loud  d ro p le t  size a n d  cloud 
op tica l  d e p th ,  but so lar reflectance in channel 3 is p r im a r i ly  sensitive  to  c loud
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T a b l e  1 .3  T h e  M o st S en sitiv e  P h y sic a l P a ra m e te r s  in  A V H R R  C h an n e ls  1. 2 a n d  3.
C hannel A tm o sp h ere Surface Cloud1 Rayleigh sca tte r ing  H aze Snow r s and  s ( Surface a lbedo r  and  r ,2 W ate r  vapor absorp tion  Rayleigh sca tte r ing
Snow r 5 Surface a lbedo r  and
3 (solar) A bso rp tion  by w a te r  vapor. COn r\
dro p le t  size. T h e r m a l  em issivities of clouds in A V H R R  channels 3. 4 and 5 are 
d ifferent, which will be  discussed in Section 2.2.5. A su m m a ry  of t h e  most sensitive 
physica l processes in A V H RR  channels  L. 2 a n d  th e  so lar reflectance in channel 3 
is lis ted in T able  1.3. This is th e  basis for us to  design the  re trieval algorithm s.
1.5 R a d ia tiv e  T ransfer M o d e l (R TM )
It is possible to  c a r ry  ou t  forward ca lcu lations to  solve the  rad ia t ive  transfer equ a ­
tion  for the  rad ian ce  in any specified d irec tion . R adiance  sensors like AVHRR 
can  be used to  m e a su re  the  u pw ard  rad iance  in specific channels, which include 
in fo rm ation  ab o u t  th e  com plex a tm osphere -c lou d-su rface  system . To m ake use of 
sa te l l i te  m easu rem en ts  to get t h e  inform ation  "em bedded"  in th is  system  is ob­
viously  an inverse p roblem . T h is  approach  is n o rm a lly  referred as "retrieval" or 
inversion  problem . R ad ia tive  tra n s fe r  theory  provides a  theo re tica l  basis for the  
re tr ieva l of in fo rm a tio n  abou t p a ram e te rs  in th e  a tm o sp h e re -e a r th  system  th a t  
g ive rise to th e  m easu red  rad iances.
T h e  rad ia t iv e  t ran s fe r  m e th o d  used for so lu tion  o f th e  rad ia t iv e  transfer e q u a ­
tion  in this research  is the  D IS cre te  O rd in a te  R a d ia t iv e  Transfer m odel (D ISO R T) 
(S ta m n e s  et al.. 19SS). In th is  m odel, the  a tm o s p h e re  is a ssu m ed  to  consist of 
m u lt ip le  ad jacen t p lane-para lle l  hom ogeneous layers in which th e  s ing le-scattering
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p ro p e r t ie s  a re  constant w ithin  each layer but m ay  vary  from layer to  layer. T h e  
physical processes considered include th e  absorp tion  by a tm ospheric  gases, such as 
C O 2. O 3. O 2 and  H2O.  ab so rp t io n /sca t te r in g /em iss io n  by s tra to sp h er ic  aerosols. 
A rc tic  haze  particles, tropospheric  aerosols and  cloud droplets, and  m u ltip le  sca t­
ter ing . M olecular sca tte r ing  is com p u ted  from Rayleigh sca tte r ing  theo ry  (Pen- 
ndorf. 1957). P aram ete riza tion  of w a te r  cloud p roperties  is taken  from  Hu and  
S ta m n e s  (1993). and p aram ete riza tion  o f ice cloud properties  is from  Fu and  Liou 
(1993). T h e  solar spec trum  from 0.28-4 /.*m is d iv ided  into  24 bands  w ith  unequal 
sp e c tra l  w id th s  varying from 240 to 3040 c m ~ l . In th e  the rm al sp ec tra l  region for 
w av enu m b ers  less than  2500 c m ~ l th e  b an dw id th  is 20 c n i~ x. and  th e  exponen tia l-  
sum  f i t t ing  o f transm issions (E S F T ) m e tho d  is ad o p ted  to s im u la te  the  gaseous 
a b so rp t io n  (T say  et al.. 1989. 1990) while ca lcu la t ing  the  th e rm a l  rad ia tion  in 
chan ne l  4 a n d  channel 5 of AVHRR.
S ince  th e  channel response function  and  th e  channel w idth of sa te l l i te  sensors 
are  n o t exac t ly  consistent with th a t  used in the  rad ia t ive  transfer m odel. M OD- 
T R A X  (M o d e ra te  Resolution Model) is used to co m p u te  the  clear sky  op tica l  d ep th  
profile for th e  a tm ospheric  absorbers such as H 2O . C H 4. O 3. X ^ O . C O  and  CO-j at 
the  specified levels in the  a tm osphere . T h e  tropospheric  background aerosol model 
is used  in th e  Arctic  since th e  volume ex tinc tion  coefficient of A rctic  haze  is sim ilar 
to  t h a t  of tropospheric  aerosol (B lanchet  and  List. 1983).
A su b a rc t ic  model a tm osphere  (M cC la tchey  et ah .  1971) is em p loyed  but the  
a tm o s p h e r ic  te m p e ra tu re  d is tr ibu tion  a n d  w ater vapor profile is tak e n  from in-situ 
so un d in g  d a ta .  T he lower boundary  is t re a ted  as follows: For snow-free conditions, 
the  su rface  is t rea ted  as a  Lam bert reflector w ith  an  assigned a lbedo , and  under 
snow covered conditions, an add itional layer of snow is added  at th e  b o t to m  of the  
a tm o s p h e re  to  represent snow overlying tu n d ra  (or sea  ice). O ptica l  p roperties  of 
snow is from W arren  and  W iscombe (1980). T h e  snow grains a re  a ssu m ed  to be
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spherica l  p ar tic les  which allows th e  optical p ro pe r t ie s  to be co m p u ted  w ith  Mie 
theory .
1.6 C lou d  D iscr im in a tio n  from  S a te llite
T h e  polar regions are  ch a rac te r iz ed  by low su rface  te m p e ra tu re s  and  so lar inso­
la t ion . T h e  c u r re n t  sa te ll ite  rad io m e te rs  are the re fo re  o pe ra t ing  near th e  l im it  of 
t h e i r  p e rfo rm ance  range, a n d  th e  effects of in s t ru m e n t  noise, ca lib ra tion  u n c e r ta in ­
ties. and  d ig i t iza t ion  on rad ian ce  accuracy  lead to  a  reduction  in the  se n s i t iv i ty  o f 
sa te l l i te  rad io m e te rs  in th e  p o la r  regions (C urry  e t  al.. 1996). Since th e  re f lec tance  
in th e  visible channe l over a  c loud  an d  a snow su rface  is a lm ost th e  sam e , a n d  th e  
t e m p e ra tu r e  difference b etw een  th e  cloud and  th e  surface is sm all in th e  A rc t ic ,  
c loud  d isc r im in a tio n  is m uch  m ore  difficult in th e  polar regions th a n  at m id -  and  
low -la ti tud e  regions. C u rren t  d a t a  analysis d e m o n s t ra te s  th a t  th e re  a re  significan t 
differences betw een  surface a n d  sa te l l i te  clim atologies in th e  A rc tic  c louds (e.g. 
Rossow et al.. 1993: C urry  e t  al.. 1996). For exam p le .  ISCC'P analyses u n d e re s ­
t im a t e  cloud a m o u n ts  at b o th  poles by abou t 10c/c in the  w in te r  (Schw eiger and  
Key. 1992) and  a t  least 2o% in th e  su m m er  (R ossow  et al.. 1993).
A single sp ec tra l  fea ture , o r  a  com bination  o f 2 or 3 channels  has been w ide ly  
a d o p te d  for c loud  d isc r im in a tio n  using a s im ple  th resho ld  te s t ,  a ra t io  t e s t ,  or 
th e  difference o f  brightness t e m p e ra tu r e  betw een  two channels. M uch m ore  c o m ­
p lica ted  cloud d isc r im in a tion  a n d  classification techniques ten d  to use b o th  th e  
sp e c tra l  and  th e  tex tu ra l  fea tu res ,  in com bina tions  w ith  th e  fuzzy logic a n d / o r  th e  
n eu ra l  netw ork  approaches for d e te rm in a t io n  o f fea tu re  c lusters  and  classifiers (see 
for exam p le .  Konvalin et al.. 199S). Cse of t e x tu ra l  inform ation  (see for e x a m p le  
E b e r t .  1987. 1989. 1992: W elch et al.. 198S. 1992) and  tem p o ra l  coherence  m ay  
im p ro ve  cloud de tec tio n  in th e  A rc tic ,  but fu r th e r  a lg o ri thm  valida tion , w hich  was
13
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h a m p e re d  by lack of observa tiona l  d a ta  before  (C u rry  e t  a l. .  1996) is u rg en t ly  
required .
1.7  C lo u d  R etr ieva ls
C loud  a m o u n t  or cloud cover fraction, a bu lk  cloud p ro perty ,  has becom e a genera l  
p ro d u c t  o f m a n y  m eteorology satellites. T w o  o th e r  im p o r ta n t  p a ra m e te rs  c h a ra c ­
te r iz ing  th e  m icrophysics o f w arm  clouds a re  th e  cloud e ffec tive  d rople t size ( r e ) 
a n d  the  LW P because  the  single sca tte r ing  a lbedo  th e  e x t in c t io n  coefficient k.  
a n d  the  a s y m m e try  factor g  c an  be accu ra te ly  p a ram e te r iz ed  in te rm s  o f r, and  
L\\"P (H u a n d  S tam nes. 1993). Extensive m ea su re m e n ts  o f  c loud  a m o u n t ,  c loud- 
top  t e m p e r a tu r e  and  cloud optica l th ickness  ( r )  are b e ing  m a d e  by th e  ISC’C P  
(Rossow a n d  Schiffer. 1991). in which v isib le  rad iance  is u sed  to  infer th e  c loud 
o p t ica l  th ickness  assum ing  t h a t  the  effective d rop le t  size o f  all c louds is 10 p m .  
Such an a s su m p tio n  makes th e  retrieved values o f  t  u n c e r ta in  by 15-259?, for w arm  
clouds (Rossow e t  al.. 19S9: X aka jim a  a n d  K ing. 1990) a n d  by 30-50% for th in  ice 
c louds due  to  th e  u n ce r ta in ty  in the  ice p a r t ic le  s ca t te r in g  p h a se  function  (M inn is  
et al.. 1993). Retrieval of c loud  effective d ro p le t  radius, c loud  op t ica l  d e p th  and . 
so m e tim es  c loud  top  t e m p e ra tu r e  has been  investigated  in recen t years (e.g. Key. 
1999: Han e t  ah .  1999: X a k a ja m a  and X ak a jim a .  1994: X a k a j im a  and  King. 1990). 
T h e  m a jo r  sources of u n c e r ta in ty  are in th e  observed ra d ia n c e  (H an  et al.. 1999). 
d e tec t io n  o f  c loud pixel, a n d  th e  forward R T M  as m u ltip le  so lu t io n s  m ay  ex is t  for 
re trieval o f  c loud  optical d e p th  using visible reflectance a t  v ery  low solar z e n i th  an ­
gle or very th in  c loud (X a k a j im a  and King. 1990). A greem en t  o f re tr ieved  effective 
d ro p le t  size from  sate llite  w ith  in situ m e a su re m e n t  is re la t ive ly  good (H an  e t  al.. 
1994: X a k a jim a  and  X aka jim a . 1994). b u t  th e  cloud o p t ica l  d e p th  re tr ieved  from 
sa te l l i te  is cons is ten t  w ith  t h a t  d e te rm in ed  from  surface m e a s u re m e n ts  on ly  w hen
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th e  cloud o p tica l  d e p th  is less th a n  10 as ind ica ted  by Min and  Harrison (1996). 
B arker  et al. ( 199S) po in ted  out t h a t  th e  cloud op tica l  d ep th  from  the  ISCC’P  d a ta  
is 1.6-2.25 t im es sm a l le r  than  th a t  derived  from surface  d a ta .  ISC’C P  ana lys is  o f 
cloud p roperties  is m o st  reliable in th e  su m m e rt im e  when liquid w ater c louds are  
m ost p revalen t a n d  th e  surface reflectiv ity  is lower, but it is still som ew hat un ­
ce rta in .  and  th e  sp r in g  and  a u tu m n  values are significantly o v e res t im a ted  (see for 
exam ple .  C u rry  e t  al.. 1996). Due to th e  large sp a t ia l  and  tem p o ra l  v ar ia t io n  of 
cloud p roperties ,  com parison  of sa te llite -derived  c loud p roperties  over a  large sp a ­
tial d om ain  w ith  m easu rem en ts  tak e n  a t  a specific location  at th e  surface is very 
difficult. So. fu r th e r  validation w ith  m ore  d a ta  is very  im p o r ta n t .  T h e  S H E B A  
(Surface H eat B u d g e t  of the  A rc tic  O cean) and  A R M  (A tm osph eric  R ad ia t io n  
M easurem en t)  d a t a  se ts  provide th is  opportun ity .
1.8 R etr iev a ls  o f Surface A lb ed o  or Snow  G rain  
S ize an d  Soot
T he  po lar regions a re  covered by snow or ice surface m ost of th e  year.  T h e  su rface  
a lbedo  m ay  be u n d e re s t im a te d  as m uch  as 30% if th e  L am bert  a ssu m p tio n  is used 
as com pared  to  a  snow surface w ith  b id irectional reflectance p ropert ies  (H an  et 
al.. 1999). So. in  o rd e r  to  account for th e  surface b id irec tiona l reflectance accu ­
rately. snow or ice surfaces have to  be t re a te d  in a  way different from the  L am b er t  
ap p ro x im ation .  F rom  th e  p a ram ete r iza t io n  of W arren  (1982). two variables, snow 
grain  size and  m ass  fraction  of soot, can  be used to  s im u la te  accu ra te ly  th e  snow 
op tica l  p ropert ies .  T h e  rad iation  in th e  sea ice is contro lled  by th e  ab so rp tio n  o f 
pure  ice. as well as sca tte r ing  a n d  absorp tion  of inclusions, such as b rine  pock ­
ets . a ir  bubbles, solid  salts  and  o th e r  im purities  ( J in  e t al.. 1994). Surfaces o th e r
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th a n  snow a n d  ice will be t re a te d  as L am b er t  reflectors a n d  A V H R R  channe ls  1 
and  2 will be u sed  to retrieve th e  n a rro w b and  albedos ind ividually . T h en  a N T B  
conversion will b e  used to get th e  b ro ad b an d  albedo.
1.9 V alid ation  D a ta  from  S H E B A , A R M /N S A  
and F IR E -A C E
Lack o f in-situ  m easu rem en t d a t a  in po la r  regions co n s t i tu te s  a  m a jo r  o b s ta c le  
for im proving  a lgo rithm s for sa te ll i te  re tr ieva l of cloud a n d  surface  p ropert ies .  
E valuation  of sa te l l i te  retrieval resu lts  assessing  the ir  precision a n d  u n c e r ta in ty  is 
required  for im provem en t o f th e  retrieval a lgo ri th m s. In th is  s tudy , in-situ m e a ­
su rem en ts  are availab le  from th ree  program s. T h e  SH EB A  was con d u c ted  betw een  
O cto be r .  1997, a n d  O ctober, 1998. T he  F irs t  IS C C P  Regional E x p e r im e n t-A rc t ic  
C loud  E x p e r im en t  (FIRE-AC’E) was co n d uc ted  between A pril  a n d  Ju ly . 1998. T h e  
A tm ospher ic  R ad ia tio n  M easurem ent at N o r th  Slope of A laska  s ite  (A R M /N S A )  
s ta r te d  in April. 1998. and it is still on-going.
SH E B A  is a  coord ina ted  p rogram  a im ed  a t  addressing  th e  in te rac tion  o f  s u r ­
face energy balance , a tm ospheric  rad ia tion  and  clouds over th e  A rc tic  O cean . 
T h e  SH E B A  p ro jec t  is focused on enh anc in g  u n d e rs ta n d in g  o f th e  key processes 
th a t  d e te rm in e  ice a lbedo feedback in th e  A rc tic  pack ice a n d  on  app ly ing  th is  
knowledge to im p rove  c lim ate  modeling. T h e  C anad ian  C o a s tg u a rd  iceb reaker  
Dcs Groseil l i trs  was used as a  floating s ta t io n  deployed in th e  A rc tic  O cean  a t  
75° 16.3 .V. 142*41.2 H \  T h e  icebreaker was frozen into th e  pack ice in O c to b e r .  
1997. and  left to  drift for a  year. T he  S H E B A  Ice C a m p  d rif ted  conside rab ly  
nor thw estw ard , a n d  it was a t  TS.o°N  and  166°H by the  e n d  o f  Ju ly . 1998. O ne- 
year-a rou nd  com po site  m easu rem en ts  a t th e  Ice C a m p  s ta t io n  from  O c to b e r  1997
16
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to  O c to b e r  199S were m a d e ,  includ ing  rad ia t io n  m e a su re m e n ts  a t  t h e  surface , a t ­
m o sp he r ic  profiling by b a l loon -borne  so un d in g  system s. R a d a r  and  L idar  system s. 
C louds  were observed by  several in s t ru m e n ts .  One c ru c ia l  e lem ent o f  S H E B A  was 
to e x te n d  th e  p rocess-o rien ted  observations a n d  models to  larger-scales. C olloca ted  
A V H R R  a n d  surface d a t a  over S H E B A  Ice C a m p  d u r in g  A pri l -A ug u s t.  199S is the  
m ain  d a t a  source for t h e  sa te l l i te  re trieval efforts inves tiga ted  in th is  research. 
T h e  re t r iev ed  results will be  com pared  w ith  surface obse rva tions  o f c louds, surface 
a lb edo  m easu re m e n ts  a n d  surface  rad ia t io n  m easu re m e n ts .  S ounding  profiles over 
S H E B A  are  also used.
A R M  is a  long te r m  m ea su re m e n t  p ro g ram . T he  A R M  P rog ram  has es tab lished  
a n d  o p e ra te s  field re sea rch  sites, called C loud  and R a d ia t io n  T es tbed s  (CART's), 
to  s tu d y  th e  effects o f  c louds  on global c l im a te  change. T h ree  p r im a ry  locations, 
th e  S o u th e rn  G reat P la in s  (S G P ) .  th e  T rop ical W estern  Pacific (TVVP). a n d  North  
S lope o f  A laska (N SA ). were identified as rep resen ting  t h e  range o f c l im a te  condi­
t ions t h a t  should be s tu d ie d .  Each C A R T  site  has been  heavily in s t ru m e n te d  to 
g a th e r  m assive  a m o u n ts  o f  c l im a te  d a ta .  Using these d a t a ,  sc ien tis ts  h op e  to  b e t ­
te r  u n d e r s ta n d  the  effects and  in te rac tions  o f sunlight, ra d ia n t  energy, a n d  clouds 
on t e m p e ra tu re s ,  w ea th e r ,  and  c lim ate . M ost in s t ru m e n ts  deployed by A RM  at 
S H E B A  are  s im ilar to  tho se  deployed a t  A R M /N S A  in Barrow. T h e  d a ta  set 
w ith  a  long-term  m e a s u re m e n t  a t  A R M /N S A  in B arrow  will be useful for fu ture  
va l ida t io n  a n d  im p ro v em en t  of th e  a lg o r i th m s  developed  in this thesis.
F IR E -A C ’E in te ra c te d  closely with S H E B A  and A R M . T h e  m ain  goal o f  F IR E - 
AC'E was to exam ine  th e  effects o f A rctic  c louds on ra d ia t io n  exchange  betw een  the  
surface , th e  a tm o sp h e re ,  a n d  space: as well as the  influence of su rface  c h a rac te r is ­
tics o f  sea  ice. leads, a n d  ice m elt  ponds on th e  evolution  o f  b o u n d a ry  layer clouds. 
O b se rv a t io n s  collected will be  used to  im pro ve  curren t  c l im a te  m odel s im u la tions  
of th e  A rc tic  c lim ate , espec ia l ly  w ith  re sp ec t  to c louds and  th e i r  effects on the
17
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su rface  energy b u d g e t ,  sa te ll i te  rem o te  sensing  o f  cloud and  surface  charac ter is tics  
a n d  u nd e rs ta n d in g  o f  c loud-rad ia tion  feedbacks in th e  Arctic  (C u r ry  et al.. 2000). 
FIRE-A C 'E  used research  a ircra ft  to  ob ta in  re m o te  and  in-situ m easu rem en ts  of 
th e  p roperties  o f  c louds and  th e  sea ice /ocean  surface. T he  N A SA  ER-2 flew at 
an  a lt i tu d e  of 20 k m  with  a su ite  of rem ote  sensors th a t  can be used to infer the  
charac ter is tic s  o f  t h e  surface an d  cloud. C loud  re tr ieva l from th e  M O D IS  A irborne  
S im u la to r  (M A S) will be used to evaluate  A V H R R  cloud re trieval as discussed in 
C h a p te r  5. C loud  effective d rop le t  size d a ta  from  the  m e d iu m -a l t i tu d e  a ircraft ,  the  
XC'AR C-130 will also  be used to  evaluate  th e  A V H R R  retrieval o f  cloud effective 
d ro p le t  size.
1.10  R esea rch  E m p hases
In C h a p te r  2 o f th is  thesis, an a u to m a tic  c loud  m ask  technique  is p resen ted , which 
is specifically d eve lo ped  for c loud d isc r im in a tio n  over snow /ice  su rface  in th e  A rc­
t ic  O cean. S p e c tra l  features in th e  five chan ne ls  of A V H R R  are used  for the  cloud 
m ask . In p a r t ic u la r ,  we use th e  solar re flec tance  in channel 3. Norm alized  re­
flectance in ch an ne l  3 of A V H R R  is used a f te r  rem oving  the  th e rm a l  rad ia t ion  
e m i t t e d  from th e  lower a tm osph ere  and the  u n d e r ly in g  cloud a n d  surface  w ith  the  
help  o f channel 4. C orrection  o f  th e  an iso trop ic  effects in channel 3 was m ad e  by 
invoking  the  A n iso trop ic  Reflectance Factor (A R F )  based on m odel sim ulations. 
A fte r  an iso trop ic  correc tion , th e  a lbedo  at th e  T O A  is ob ta ined . A thresho ld  func­
tion  is ob ta in ed  for a u to m a tic  c loud d isc r im ina tion . A cloudy pixel is identified as 
low w ate r  cloud, c ir ru s ,  cirrus over w ater c loud  o r  p a r t ly  cloudy cover. V ariation of 
c loud  am oun ts  a n d  frequency o f occurrence for different cloud ty p es  over SH E B A  
a re  exam ined .
In C h a p te r  3. snow grain  size and m ass  fraction  soot w ere re tr ieved  from
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AV HRR channe ls  1 and  2 for snow surface, and  b ro ad b an d  surface a lb e d o  was 
retrieved based  on the  reflectance in channels  L and  2 and  th rough  th e  N T B  con­
version. T h e  re tr ieved  b ro ad b an d  a lbedo  is com pared  w ith  the  S H E B A  surface  
m easu rem en ts  o f  Perovich e t  al. (1999).
In C h a p te r  4. the  cloud optica l d ep th  is re trieved from  th e  downwelling solar 
irrad iance m easu red  by the  Precision S pec tra l  P y ra n o m e te r  (P S P )  in s ta l led  a t  th e  
surface. Seasonal varia tions of cloud o p tica l  d ep th  over th e  SHEBA Ice C a m p  
during  April to  A ugust.  199S are  presented.
In C h a p te r  5. a  cloud retrieval a lg o r i th m  was developed  and  used to  re tr ieve  
cloud effective partic le  size, cloud optical d e p th  and c loud  top  te m p e ra tu r e  from 
AVH RR m easu rem en ts .  U ncerta in ty  analyses were c o n d u c ted  to in v es t ig a te  th e  
accuracy of c loud  p roperties  in the  Arctic  re tr ieved  from A V H R R  data .  T h e  effects 
of vertically  inhom ogeneous s tra tif ica tion  o f th e  cloud, as well as c loud phase  on 
the  retrieval is discussed. MAS d a ta  taken  on  th e  p la tfo rm  o f  th e  NASA ER -2  a n d  
in-situ m e asu rem en ts  of c loud effective rad ius from the  N C A R  C-130 a irc ra f t ,  a n d  
cloud op tica l  d e p th  derived from surface P S P  m easu rem en ts  a re  used for valida tion . 
We found th a t  th e  effective cloud droplet size re trieved from  AVH RR ch an ne l  3 is 
close to th e  t ru e  value. However, cloud op tica l  dep th  ten d s  to  be o v e re s t im a te d ,  
especially d u r in g  April-May.
In C h a p te r  6 . th e  solar rad ia tion  budget a t  the  surface, in the  c o lu m n  of th e  
a tm osphere  an d  a t  the  T O A  was e s t im a ted  using a RTM  w ith  th e  inpu ts  o f surface  
albedo and  c loud  p roperties  derived from th e  AV H RR m easu rem en ts .  U n c e r ta in ­
ties of SRB e s t im a te d  from satell ite  are eva lua ted . T h is  m e th o d  was app lied  to 
e s t im ate  th e  S R B  during  th e  m elt season in 1998 in the  A rc tic  and  th e  re su l ts  are  
com pared  w ith  S H E B A  surface m easu rem ents .
A s u m m a ry  discussion a n d  conclusion o f  the  thesis a re  presented  in C h a p te r  7.
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C h ap ter 2
D iscrim in ation  o f  C louds and  
Snow  C over over th e  A rctic  
O cean  from  D aytim e A V H R R  
D a ta
U n d e rs ta n d in g  o f  po la r  clouds a n d  th e ir  in te rac tion  w ith  rad ia t ion  is o f  p a r t ic ­
u la r  im p o r ta n c e  to  th e  s tu d y  o f regional and  global change, but t h e re  a re  large 
u n c e r ta in t ie s  (IPC 'C . 1990: M oritz  e t al.. 1993: Moritz and  Perovich. 1996: C u rry  
et  a l. .  1996). Use o f sa te ll i tes  for th is  s tu d y  is economic a n d  has a  p rom is ing  fu­
tu re .  D isc r im in a t ion  of c loudy  pixels from  th e  clear pixels is a  necessary  first s tep . 
M o n ito r in g  o f cloud m o vem en ts  from  sa te ll i te s  has been one  of th e  b as ic  tool for 
w ea th e r  forecasting. However, sa te l l i te  rem o te  sensing of clouds e n c o u n te r s  signif­
ican t obs tac le s  in the  A rc tic  because  th e re  is little  con tras t  in the  v is ib le  channels 
and  sm a ll  co n tra s t  in in fra red  channels  betw een  the  clouds and  th e  und erly in g  
snow or ice surface. T h e  frequen t iso th e rm a l conditions o r t e m p e r a tu r e  inversions 
in th e  lower t ro p o sp h e re  a n d  significant b id irectional reflectance effects a t  the  low
20
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so la r  i l lu m in a t io n  ang le  in th e  po la r  regions m ake it even m ore difficult (G a ra n d  
a n d  X adon . 1998: L ubin  a n d  M orrow. 199S: Curry  e t  al.. 1996). So. d isc r im in a tio n  
o f  c louds  from s n o w /ic e  surfaces is m u c h  more difficult than  from o th e r  surfaces 
on  th e  e a r th .  T h e  la rgest  d iscrepanc ies  in cloud frac tion  am ong  different sa te l l i te  
c l im a to lo gy  s tud ie s  w ere found in th e  p o la r  region (K ey  and Barry . 19S9: C u rry  
an d  E b e r t .  1992: Rassow et al.. 1993: G aran d  an d  N adon. 199S). so validation  
a n d  im p ro vem en t  o f c u r re n t  cloud d isc r im ina tion  a lgo rithm s in th e  p o la r  region 
is of p a r t ic u la r  im p o r ta n c e .  T h e  S H E B A . N S A /A R M  and  F IR E /A C ’E p rogram s 
p ro v ide  un ique  d a t a  se ts  w ith  m e a su re m e n ts  relevant for validation  o f  th e  cu rren t  
a lg o r i th m s .
2.1 B ack grou n d
C on s id e rab le  efforts on  c loud  d e tec t io n ,  for exam ple  ISCC'P ( In te rn a t io n a l  S a te ll i te  
C lou d  C lim ato lo gy  P ro je c t)  (Rossow e t  al.. 1993) and  A P O L L O  (A V H R R  Process­
ing sch em e  O ver L and . cLoud and  O cean )  (Arking. 19S5: Kriebel a n d  S aunders .  
19SS: K riebel e t  a l. .  19S9: Gesell. 19S9). have led to re liable  cloud m ask s  app licab le  
a t  low and  m id  la t i tu d e s .  T h e  m ost co m m o n  techn ique  is the  th resh o ld  tes t  based  
on v isib le  and  in f ra red  d a ta .  In the  ISCC'P cloud m ask ing  a lg o r i th m , as described  
by Rossow (19S9) a n d  Rossow and  G a r d e r  (1993b). th e  observed rad ia n ce  in two 
ch an n e ls  (0.6 firrt a n d  11 / im ) are  com p ared  with  th e ir  co rresponding  clear-sky 
values. Rossow a n d  G a rd e r  (1993b) su m m arized  th e  five steps for ISC'C'P cloud 
d e te c t io n  as follows: (i) space  c o n t ra s t  tes t  on a  sing le  infrared im age: (ii) t im e  
c o n t ra s t  tes t  on th r e e  consecutive  v is ib le  images: (iii) cum ula tio n  o f s p a c e / t im e  
s ta t i s t ic s  for in fra red  a n d  visible im ages: (iv) cons tru c tio n  of c lear-sky  com posites  
for in f ra red  and  v isib le  im ages every  5 days a t  each  d iu rna l phase  a n d  location: 
a n d  (v ) rad iance  th re s h o ld  for in fra red  a n d  visible rad ian ce  for each  pixel.
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T h e  A V H R R  Processing schem e O ver cLoud  Land and  O cean  (A PO L L O ) 
(K riebe l  and S aunders .  19SS: Kriebel e t ah .  1989; Gesell. 19S9) uses A V H RR 
channe ls  1 th ro u g h  5 based on  a  series o f th resho ld  tes ts ,  i.e. b righ tness  tem p e r­
a tu re  th resho ld  te s t ,  reflectance ra tio  of channels  2 to I. te m p e ra tu re  difference 
be tw een  channels 4 and  5. a n d  sp a tia l  un ifo rm ity  over ocean (K riebel et al.. 19S9). 
A pixel is defined as cloud c o n ta m in a te d  if it fails in any  single tes t  for a clear 
pixel, so in th a t  sense it is c loud  conservative.
T h e  XOAA C lou d  A dvanced  Very High R esolu tion  R ad io m ete r  (C’LAVR) al­
g o r i th m  (P hase  I) relies on m u lt isp e c tra l  decision, channel differences, and  spatia l 
differences, and  th e n  em ploys a  series of sequen tia l  decision tree  tes ts  based on all 
five channels of A V H R R  (S tow e e t  al.. 1994). A 2 x 2  global a rea  coverage (G AC) 
pixel a rray  is used to  identify  th e  regions, th a t  is. if all four pixels satisfied ju s t  one 
o f  the  cloud tes ts ,  th e n  the  a r ra y  is labeled as 100% cloudy, o therw ise , it is labeled 
as m ixed  or 50% cloudy. S ub sequ en t  phases o f C'LAVR used d y n a m ic  thresholds 
an d  pixel by pixel classification. C 'loud-con tam inated  pixels are  rad ia tive ly  typed  
as belonging to low s t ra tu s ,  th in  c irrus o r  deep  convective cloud system s.
A m odification  o f the  ISCC'P cloud d e tec tio n  p rocedure  for po la r application  
was m ade  by Key a n d  Barry  (19S9). who used A rc tic  AVH RR an d  SM M R  (Scan­
n ing  M ultichannel Microwave R ad io m ete r)  d a ta .  C om posites  of 5-day  periods were 
used to  find th e  c lea r  sky for th e  final m u lt isp ec tra l  th resho ld ing  o f th e  daily d a ta .  
However, lack o f  "ground t r u t h -  makes tes ting  a n d  validation difficult (Key and  
Barry . 1989). T h e  long inso la tion  in su m m e r  leads to significant change  of surface 
physical conditions due  to th e  rap id  m elting  o f  snow and  ice in th e  m elting  season. 
.June to  A ugust. T h e  high c loud  coverage in th e  a u tu m n  m akes it difficult to use 
5-day-period  d a t a  to  get clear sky  surface in fo rm ation . An a lg o r i th m  su itab le  to de­
rive cloud a m o u n ts  a t  night from  th e  brightness t e m p e ra tu re  difference in infrared 
channels  of A V H R R  was ap p l ied  in the  A n ta rc t ic  by Y am anouchi e t  al. (L9S7).
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C om parison  o f  cloud fraction  ob ta in ed  by th e  b righ tness  t e m p e ra tu r e  difference 
between channe ls  3 and  4 (B T D 34 )  in su m m er ag reed  a p p ro x im a te ly  w ith  m a n u a l  
cloud am o u n ts  from  analysis o f two m onths d a t a  in the  A n ta rc t ic  (Y am anouch i 
and  K aw aguchi. 1992). b u t  use of an  uniform th re sh o ld  of B T D 34  is a lm ost im ­
possible. An effort to  em p loy  the  threshold func tions  was m ad e  by H utchson  an d  
Locke (1995) for a u to m a t ic  b i-spectra l cloud ana lys is .  G aran d  a n d  X adon ( 1998) 
used the 3.7 / im  channel of A V H R R  and  available  info rm ation  on a tm o sp h e r ic  a n d  
ground t e m p e ra tu r e ,  for e x a m p le  from a tm o sph e r ic  sounding profiles, in the  A rc tic  
for cloud d isc r im in a tio n , b u t  validation  is lacking.
From all th e  above w ork, we see tha t  m ost  cloud m ask  a lg o r i th m s  rely  on 
thresho ld  te s ts  in th e  visible a n d  infrared channels ,  or features der ived  from s im p le  
re la tionsh ips be tw een  channels ,  for exam ple, th e  b righ tness  t e m p e ra tu r e  difference 
test or the  ra t io  tes t  based on  two channels. T h e  thresho lds  are  n o rm ally  p re d e te r ­
m ined  or a re  d ec ided  dynam ica lly . T h e  ad v an tag e  of th is  m e th o d  is its s im p lic ity  
and  also th a t  it can  be used easily for p ixel-by-pixel processing. However, it is a l­
m ost im possib le  to  use a un ifo rm  threshold. M ore  com plica ted  m e th o d s  use b o th  
th e  tex tu ra l  a n d  spectra l  fea tu res , such as p a t t e r n  recognization. Fuzzy Logic or 
neu tra l  n e tw ork  app roach es  for groups of pixels in th e  im age (E b e r t .  1987. L9S9. 
1992: Welch e t  al.. 19SS. 1992: Simpson and  Keller. 1995: B a u m  et al.. 1997: 
Konvalin e t  a l. .  1998: Lubin and  Morrow. 1998). T ex tu re  e x t ra c te d  in regions of 
16 x 16 pixel o r  h igher  is p re ferred  because too sm a ll  regions lead to  u n s tab le  t e x t u ­
ral m easures (Steffen et al.. 1993). Accuracy g re a te r  th a n  80% was repor ted  w ith  
this approach  (Steffen et al.. 1993: Lubin and  M orrow . 1998). However, all th e se  
m ethods d ep e n d  on a set o f  pre-chosen images (ca lled  "T rain ing  D a ta ” , for w hich  
th e  clouds have  been  d isc r im in a ted  by experienced  m eteorological observers o r by 
o th e r  m e th o d s)  to  select th e  spec tra l  or t e x tu ra l  features, so fu r th e r  va lida tion  is 
no doub t req u ired  in the  A rc tic  (D an and M orrow . 1998: C u rry  e t  al.. 1996). An
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eva lu a t io n  o f  c loud de tec tio n  a n d  classification based on th e  m ax im um  likelihood 
m e th o d  (E b e r t .  19S7) was m a d e  by Lubin  a n d  M orrow (I99S) using A V H R R  d a ta  
over th e  A rc tic  Ocean. T h ey  found th a t  81% of th e  c lassif ications are consis ten t  
w ith  surface  m easu rem en ts .  However, on ly  one  m o n th  of d a t a  from Ju ly  to  A ugus t  
has been te s te d  in the  m a r i t im e  Arctic.
2.2 A u to m a tic  C lou d  D isc r im in a tio n  over H ig h  
A r ctic  O cean
For n o m en c la tu re ,  we shall d e n o te  the  sa te l l i te  m easu red  rad ia n ce  as L \ .  n o rm a l ­
ized reflec tance  as R \ .  and  refer to  the  in f ra red  rad iance  as b righ tness  t e m p e ra tu r e  
d en o ted  as B T \ .  Subscrip ts  refer to  th e  w ave leng th  in p m  a t  which the m e a su re ­
m en t  is m ad e .  T h e  norm alized  isotropic reflec tance  at th e  T O A  is:
« . ' =  * L x „  ( 2 Us.\ COSUo
w here  5 \  is th e  e x t ra te r re s t r ia l  solar i r rad ian ce .  and  0Q is t h e  so lar zenith  ang le .
T h e  b r igh tness  t e m p e ra tu r e  in channels 3. 4. and  5 is th e  equivalent b lackb o dy  
t e m p e r a tu r e  d e te rm in ed  from  th e  P lanck  function :
BUT)   ------------------------. (2 2)e x p ( C 2v / T )  -  1
Here C\  =  2h e 2 — 1.191066 x m ~ 2s r ~ l ( c m ~ l C 2 =  h c / k  =  1.438833
cm -deg . v  =  w av enu m ber in c m - 1 , and T  is th e  b righ tness  t e m p e ra tu r e  in Kelvins. 
T h e  m easu red  spectra l  rad ian ce  is ca lcu la ted  as:
£„ =  (2.3)J o ud u
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w here  o u is the  sp ec tra l  response function . T h e  rad iance  m easu red  by AV H R R  
chan ne ls  3. 4 and  5 is assum ed to a rise  from b lackbody  sources as described  by th e  
P la n ck  function. T h u s ,  by replacing th e  b lackbody  spec tra l  rad iance  in th e  Planck 
fu n c tion  w ith  L u. we get the  b righ tness  t e m p e ra tu r e  T b  as:
Tb =  ---------- —^ ----------  (2.4)S / n [ ( C V ? / £ „ )  +  l]
w here  ve is the  effective w avenum ber. which is a  weak function  o f the  response 
fu nc t ion  and  the  m easu red  rad iance , as shown by Davis (1993). We will deno te  
th e  b righ tness  t e m p e ra tu r e  in A V H R R  channels  3. 4 and  5 as B T3. BT4 and  BT-5. 
and  t h e  reflectance in channels 1. 2 a n d  3 as R \ .  R 2 and  R 3.
In th is  chap te r ,  an  au to m a tic  c loud d isc r im ina tion  m e th o d  is developed  for 
c loud  d isc r im ina tio n  a n d  surface classifications using m u lt isp ec tra l  A V H R R  infor­
m a t io n  and  it is app lied  to  d ay tim e  A V H R R  d a ta  between April and  A ugust.  199S 
in t h e  high Arctic . In th is  a lgo ri thm , norm alized  isotropic reflectance in channel 
3 ( /?3 ) is used a f te r  removal of th e  th e rm a l  com pon en t .  An im p ro vem en t  to es­
t im a t e  /?3 app ro x im a te ly  is achieved. D ue to th e  s trong  b id irec tiona l  reflectance, 
a  m e th o d  to derive th e  an iso tropy-correc ted  a lbedo  ( r 3) a t  the  T O A  is developed  
by d iv id in g  the  iso trop ic  reflectance by th e  A niso trop ic  Reflectance F ac to r  (A R F ).  
T h e  A R F  is o b ta in ed  from model s im u la tions . C loud d isc r im in a tio n  based  on th e  
an iso trop y -co rrec ted  albedo. r3. is p referable  because the  th resho ld  is a  function 
of so la r  zenith  ang le  only, and c a n  be expressed  as a 2nd-order  po lynom ial in 
scc(0o)- However, th is  m ethod  is difficult to use to d isc r im in a te  th in  ice clouds 
from  snow /ice  su rface  due  to th e  e rro r  in the  ca lcu la tion  of r 3. T h e  b righ tness 
t e m p e r a tu r e  difference between chan n e ls  4 and  5 will be used for th in  ice cloud 
d isc r im in a tio n .
T h e  following th resho ld  tests a re  used for cloud d iscr im ina tion :
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•  Solar reflectance of channels  1 {Ri  ) an d  2 (/?2 ):
•  R atio  test be tw een  channels  1 and  2. i.e. Roi =  R-2I R \  '■
•  Brightness te m p e ra tu re  o f channels 4 (B T 4):
•  Brightness te m p e ra tu re  difference betw een  channe ls  4 and  5. i.e. BTD45 =  
BT4-BT5:
•  Albedo in channe l 3 [r3). w here  the  th e rm a l  com ponen t has  been removed 
from the  m easu red  rad iance  and  an an iso trop ic  correction  h a d  been m ade.
T he  choice o f th resho lds was based on rad ia t iv e  t rans fe r  s im u la t io n s  and  ex­
am in a t io n  of dozens o f images. For app lica tion  o f  th is  a lgo ri thm  over the  A rctic  
O cean , more th a n  100 images from  April to A ug u s t.  1998 over S H E B A  have been 
used to validate th e  choice of th resho lds and  to  co m p a re  with com po si te  surface 
meteorological observations, as well as rad a r  an d  l ida r  d a ta  from  SH EB A . T h is  
m e th o d  is exp ec ted  to  be very useful for fu r th e r  s tu d y in g  the  A rc tic  cloud p rop­
erties  by reprocessing the A V H R R  d a ta  in th e  p as t  20 years. It also could be 
ex ten d ed  for use over any sn ow /ice  surfaces a t  m id d le  and  high la t i tu d es .
T h e  cloud d e tec tio n  schem e is com posed o f  th e  c lo u d y /c lea r  d isc r im in a to r ,  the  
snow /sea-ice  d isc r im ina to r ,  and  a  sim ple cloud classification. It s t a r t s  with single­
pixel (1 k m  FO V ) tests , and  we first d isc r im in a te  th e  clear pixels from cloudy 
pixels. For c loudy pixels, five typ es  of clouds inc lud ing  cirrus, c ir ru s  over liciuid 
w a te r  cloud, m ixed  phase c loud. low w ater c loud an d  p ar tly  c loudy  coverage are 
d isc r im ina ted . For clear pixels, snow pixels were identified in o rd e r  to  re trieve  
snow grain  size a n d  m ass frac tion  o f soot (see nex t  chap te r) .
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2.2.1 Estimation o f Reflectance in 3.7/tm Channel (Rx)
A V H RR  chan ne l  3 d a ta  h is to rica lly  have been c o n ta m in a te d  by highly v a r iab le  
sensor noise w hich  genera lly  has ham pered  its use in th e  classification o f  p o la r  
scenes (S im pson  an d  Keller. 1995). However, as the  re flec tiv ity  at 3.7 for 
liquid w ate r  c louds  is m uch  h igher th a n  for sn ow /ice .  re flec tance  o f channel 3 ( R%) 
becom es useful for d isc r im in a tin g  clouds from th e  unde rly in g  snow /ice  su rface  (see  
for exam ple . Gesell.  1989: S teffen et al.. 1993). a n d  p a r t ic u la r ly  for d isc r im in a t in g  
between w ate r  a n d  ice su rface  features and betw een  w ate r  a n d  ice clouds (S teffen  
e t al.. 1993: H u tch iso n  and  Locke. 1997). R eflectance of so la r  rad ia t ion  in c h a n n e l  
3 over clouds also  results in  significant increase o f  the  b r igh tne ss  t e m p e ra tu r e  o f  
channel 3. so th e  difference o f brightness t e m p e ra tu r e  b e tw een  A V H R R  ch a n n e ls  
3 and  4 (B T D 3 4 = B T 3 -B T 4 )  over clouds becom es much la rge r  th a n  for c lea r  sky. 
T h is  is why B T D 3 4  has also been used d irec tly  to  detec t c loud  over snow a n d  ice 
surface (see for exam ple .  Y am anouch i and K awaguchi. 1992: S im pson an d  K eller .  
1995). However. BTD34 s tro n g ly  depends 011 th e  solar z e n i th  angle, w hich m a k es  
th e  choice of th re sho ld  difficult. T h e  norm alized reflec tance  in channel 3 o b ta in e d  
by d iv id ing  by th e  cosine o f  so lar zenith  angle  can be used  to com pare  scenes  
(Steffen et al. 1993). However, even over ice and  ocean, th e  norm alized  re f le c tan ce  
values were obse rved  to  vary  subs tan tia l ly  across a  single line  (Steffen et al. 1993). 
so the  b id irec t iona l  reflectance function m ay  have to be used  to no rm alize  th is  
spectra l  s ign a tu re .
T h e  m e a su re d  d ay t im e  rad ian ce  in channel 3 includes reflection from so la r  r a ­
d ia tion  as well as th e  th e rm a l  rad iance  e m it te d  from  the  e a r th  surface, a tm o s p h e r e  
and  clouds. T h ere fo re  to  o b ta in  th e  reflected com p o n en t  in A V H R R  c h an n e l  3. 
the  undesired  th e rm a l  c o m p o n en t ,  which has th e  sam e  m a g n i tu d e  as t h e  so la r  
reflectance, has  to  be rem oved  from the  weak signal in chan ne l  3. However, a c c u ­
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ra te  e s t im a t io n  o f  R 3 is a im os t  im possib le  before we know th e  cloud m icrophysica l  
p ro pert ies ,  like effective p a r tic le  size, op t ica l  d ep th ,  c loud  phase , cloud to p  t e m ­
p e ra tu re  and  underly ing  surface  t e m p e ra tu re .  An a p p ro x im a te  e s t im a tion  o f  th e  
th e rm a l  rad ia t io n  in channel 3 can be m a d e  by way of th e  b righ tness t e m p e r a ­
tu re  in channel 4. K aufm an  and  X ak a jim a  (1993) used th e  effective t e m p e ra tu r e  
der ived  from channel 4 and  th e  optical th ickness  guessed from channel 1 to  es­
t im a te  th e rm a l  rad ia tion  in channel 3 a n d  thus  get th e  so lar reflectance o f  th e  
c loud. Here, th e  em issiv ity  in channels 3 a n d  4 a re  a ssu m ed  to  be a p p ro x im a te ly
I he sam e. However, the  em iss iv ity  for th ick  clouds at 3.7 /m i  is lower th a n  t h a t  at
II  /m i  (Y am anouch i and K aw aguchi. 1992). For cirrus, th e  difference in em iss iv i ty  
be tw een  channels  3 and 4 is m o re  significant according to  th e  analysis o f m e a su re ­
m e n ts  o b ta in ed  by in s t ru m e n ts  deployed on  th e  ER-2 p la t fo rm  (A ckerm an  e t  ah .  
1995). T h e  em iss iv ity  also varies w ith  view angle, which can  produce  d ifferences 
betw een  th e rm o d y n a m ic  te m p e ra tu r e  an d  b righ tness t e m p e r a tu r e  as large as 3 K 
at w avelengths 12 to  14 / im  (Dozier a n d  W arren . 19S2). T h is  view angle d e p e n ­
dence  m akes B T D 34  work inco m ple te  as a  c loud d isc r im in a to r  (Y am anouch i and  
K aw aguchi. 1992). Following th e  m ethodo logy  to  e s t im a te  th e  surface t e m p e r a tu r e  
from channels  4 and  5 in c lear sky. we used th e  night AY H R R  d a ta  over S H E B A  
d u r in g  M arch a n d  April to  get th e  following equation :
r 3t =  0.79 +  1.004 * B T A  +  0.3 * B T D45 +  0.103 * B T D 45 ' (2.5)
w here  7Y is th e  equivalent b righ tness  t e m p e ra tu r e  for th e  th e rm a l  com po n en t  in 
chan ne l  3.
T h is  expression  is ob ta in ed  from s ta t is t ic a l  analysis o f dozens of images a t  n igh t.  
T h is  is an a p p ro x im a te  re la tion  because for c irrus ,  sa te l l i te  m easu red  BT3 cou ld  be 
h igher  th an  th a t  e s t im a te d  from  the  above eq u a tio n .  In th e  A rc tic  su m m er,  it m ay
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be possible for B T 3 < B T 4  over low cloud or fog (Saunders  and  K riebel. 19SS). We 
a re  ce rta in  t h a t  th is  app ro x im ation  to the  equivalent brightness te m p e ra tu re  for 
th e  channel 3 th e rm a l  rad iance  is b e t te r  than  ju s t  using BT4. As we do not have 
n ight in the  A rc tic  du r ing  th e  su m m er,  th is  re lation  is used to  get an  a p p ro x im a te  
equivalen t b r igh tness  te m p e ra tu re  for channel 3 th e rm a l  em ission in the  s u m m e r  
t im e.
From the  P lan ck  function , an e rro r of ± 2  K in brightness t e m p e ra tu r e  in c h a n ­
nel 3 (assum in g  the  c loud top  te m p e ra tu re  as 270 K) leads to an  e r ro r  in the  ca l­
cu la ted  rad iance  o f  10%.  an d  an e rro r  o f ±1  K leads to  an e rro r  in th e  ca lcu la ted  
rad ian ce  of o9c as shown in F igure 2.1. This e rro r increases as th e  te m p e ra tu r e  
decreases.
T h e  norm alized  reflectance R3 a t  th e  T O A  which can be ca lcu la ted  as follows:
29
n L3 — £3 f  0 3{X )B \{T 3t)dX /.-jn 3 — -----------------——----------------  [~.o)
C 03/ '>
w here  L 3 is th e  m easu red  rad iance  in channel 3. o 3(A) is the  sensor spectra l  re­
sponse  function  in channel 3. and  B \  is the  Planck function. A is th e  w avelength . 
Fo3 is the  e x t ra te r re s t r ia l  solar irrad iance . and c3 is th e  em issivity  in channel 3. 
Since 0 <  s 3 <  1. we get:
D L 3 - f o 3( X ) B x (T3t)dX _  ,n 3 >  ---------------— — ----------- =  n 3 ( ‘ )
/^0 * 0 3 /  “
For op tica lly  th ick  clouds w here the  t ra n s m it ta n c e  can be assum ed  to  be negligible. 
s 3 =  I — R 3. a n d  we obta in :
r  — ^3 — /  03(A) B \ { T 3t)clX _  » (->813 “  ^ 0^ 03/ -  -  f o 3( X ) B x (T3t)dX ~  3 1
Physically , for th e  sam e typ e  of cloud. R 3 for a th in  cloud can  not be larger
th a n  for a th ick  c loud. So we have:




F i g u r e  2 .1  E rro r  o f  ra d ia n c e  in ch an n e l 3 v e rsu s  te m p e ra tu re .
/?3 <  R 3 <  R 3
an d .
L 3 — f  o 3( X ) B \ ( T 3t)dX L 3 — J  o 3( X ) B \ { T 3t)dX
R:i /?3 HoFo:i/-  -  f  o 3(X)B.\{T3t)dX HqFq3/
=  (L3 -  j  o3(X)B.x(T3t )d*)( /JqFq3/,i — /  o 3(X) B \ ( T 3t)dX hqFq3//i )
(2.9)
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i t  f  ^  < w d  t ' r  \ j w  f  & 3 { \ ) B \ ( T 3 t ) d \— (£3 —  I 03(A)B\(T3t)d\)j  —  —  -  .  —  —J  [^0 ^ 03/0 — j  o^{\)B\{T^t)dX\ * fj-oFaz/n
For cloud t e m p e ra tu r e  a t  273 K. the rm al em ission  ra d ia n ce  in channel 3 is 
no m o re  th a n  0 .07 W f m 2. For solar zen ith  ang le  0o =  60°. R q =  0.5. a n d  for 
e x t r a te r r e s t r i a l  so la r  irrad iance  in  channel 3 F 03 =  6.98 VV/m2. f o F03/ ~  is 15 
t im e s  larger t h a n  th e  the rm al rad ian ce  in channe l 3. so we c a n  a ssu m e
FoFq3/~  J Oz(\)B\(T3t)d\.
S ince th e  th e r m a l  an d  solar com po n en t  o f chan ne l 3 a re  a b o u t  th e  sam e  m a g ­
n i tu d e .  th a t  is:
L3 —  J  03(X)B.\(T3t)dX ~  J  o3(X)B_\{T3t)dX.
so we get.
Ft" -  R' ^  (£3  -  f  Qz{X)B \{T3t)dX )2 _  „ 2 ?3 3  (foF03/ ~ -  f o 3(X)B.x(T3t)dX)> (  3 )  ’  ( -  }
R; -  R 3 ~  ( R l )2 ~  ( f t i )2 (2 . 11)
So. the  e r ro r  in th e  e s t im a t io n  o f  R 3 is a b o u t  ( R 3 )2. R 3 is sm a lle r  th a n  1. 
a n d  for a  typ ica l  value R 3 =  0.3. th e  error in R 3 is less th a n  0.01. T h u s ,  we can  
get a very  good  ap p ro x im a te  value for R 3 from  th e  above ca lcu la t io n .  F rom  o u r  
ca lcu la t io n s  to  l i 3 . R '3 for dozens im ages over S H E B A  Ice C’a m p  d u r in g  May. 199S. 
th e  average  for c loudy  pixels, identified by s im p le  th resho ld  R 3 > 0.0S (G esell .  
19S9). is show n in F igure  2.2. T h e  difference is less than  0%  b e tw een  R 3 a n d  R ’3. 
As th e  d ifference betw een  R 3 and  R 3 also rep resen ts  the u n c e r ta in ty  o f  R 3. we can  
say  th e  u n c e r ta in ty  o f  R 3 e s t im a t io n  is ab o u t  0%.
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F i g u r e  2 .2  C o m p a riso n  o f  th e  av e ra g e d  /?3 a n d  R 3 fo r  c lo udy  pixels using  A V H R R  d a ta  o v e r S H E B A  
Ice C a m p  d u r in g  M ay. 1998 .
2.2.2 Anisotropic Correction
Due to effects of b id irec tiona l reflectance over snow /ice  surface. /?3 varies signif­
icantly  w ith  th e  viewing geom etry. M odel sim ula tions show th a t  /?3 increases 
significantly  w ith  so lar  zen ith  angle, v iew angle  and re la tive  az im u tha l  ang le . /?3 
is also very  sensitive to  th e  cloud d rople t effective radius b u t  alm ost insensitive  to 
the  op tica l  d ep th  (or liquid  w ate r  c o n ten t)  when optical d ep th  is larger th a n  10. 
O nly  for th in  clouds is /?3 sensitive to t h e  optical d ep th  (or liquid w a te r  p a th ) .
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F i g u r e  2 .3  Rz  as a  fu n c tio n  o f 8 a n d  o  fo r  8q  =  60° . r ,  =  10 f t m  an d  r  =  10 (u p p e r  p a n e l) , a n d  a s  a  fu n c tio n  o f  r„ a n d  r  u n d e r  th e  co n d itio n  o f  8q  =  60°. 8 =  40°  a n d  o  =  50° ( lo w e r p a n e l)  for w a te r  c lo u d s
W h e n  cloud d ro p le t  effective rad ius  is sm aller th a n  15 /im . Rz  is norm ally  larger 
th a n  0.0S. For w a te r  clouds, c loud droplet effective radius is norm ally  less th a n  
15 / /m  (Han et a l. .  1994). so se t t in g  R 3 =  0.0S as a th resho ld  for liquid w a te r  
c loud  (Clesell. 1989) looks fine in m id -la t i tudes ,  b u t  at very high la t i tudes , th is  
th resh o ld  is too  low. For cloud d rop le t  effective rad ius  larger th a n  20 /mi or for ice 
c loud . /?3 can be sm a lle r  th an  0.0S. so this th resho ld  may be too high. A b e t t e r  
way to improve c loud  detec tion  using  channel 3 reflectance is to  do b id irec tiona l
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correction  to  isotropic  re flec tance  to  get a lbedo  a t  th e  T O A .
T h e  A niso trop ic  R eflec tance  F ac tor (A R F )  is t h e  ra t io  o f th e  B id irec tional 
Reflectance D is t r ib u t io n  F unction  (B R D F )  and  th e  T O A  a lbedo . T h e  A R F  is also 
equivalent to  th e  ra tio  o f  th e  isotropic  a lbedo  to  th e  a c tu a l  a lbedo:
,m  » -'(«0.8.0) fl.v(9„.9.o)
-  - — 00) “  -  0 (9„)
SO.
^ f l A(fl0 , f l ? o )  
a (  o) A R F ( O o . e . o )  {~'
where / \ . (0 O) is th e  u p w a rd  flux. R\(0o.  6 . o)  is th e  re flec tance  and  a(0o) is th e  
ac tu a l  a lb edo , which is in d e p e n d e n t  of view angle  a n d  th e  re la t ive  a z im u th a l  angle. 
Thus, th e  A R F  rep resen ts  th e  d e p a r tu re  of th e  reflected  rad ia t io n  field from an 
isotropic d is t r ib u t io n  a n d  is u n i ty  if th e  reflected ra d ia t io n  is isotropic. Using 
th e  A R F  to  correct t h e  sa te ll i te -der ived  reflectance, we can  get th e  a lbedo  at 
T O A  ( r 3) by d iv iding  /?3 by the  A R F . However. A R F  is not on ly  a function  of 
viewing g eom etry ,  it a lso  d ep end s  on cloud effective rad ius. If th e  cloud layer is 
assum ed to  be  a  hom ogeneous layer in ou r  p lane paralle l  R T M . th e  reflectance 
field over th e  cloud m a y  be s im ila r  to  th a t  over th e  surface, a n d  th e  difference 
of cloud effective rad iu s  corresponds to  the  difference o f su rface  a lbedo . From 
th is  s im ila r i ty  we borrow  th e  concept o f an iso trop ic  co rrec tion .  M odel s im u la tions  
prove th is  possibility, as  show n in F igure  2.4. th e  d is t r ib u t io n  o f  A R F  over cloud 
w ith  r ,. =  10 /.im as a  fu n c t io n  of view angle  an d  a z im u th a l  angle  is a lm ost s im ilar 
to  th a t  over c loud  w ith  r e =  20 / /m . excep t th a t  th e  values o f A R F  at r f =  LO /im  
is a bit la rger  th a n  th a t  a t  r e =  20 /im .
B ro ad b an d  A R F  has been  com piled  by Taylor a n d  S towe ( 19S4) for a  varie ty  of 
different su rfaces using N im b u s  7 E a r th  R ad ia tio n  B ud g e t  d a ta .  Because  correction
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F i g u r e  2 .4  C o n to u r  p lo ts  o f A R F  o v e r w a te r  c lo u d s  w ith  r ,  =  10 /im  (u p p e r  p a n e l)  a n d  r ,  =  20 /n n  (low er p a n e l) .  0q  =  60° .
of /?3 req u ire s  th e  A RF in th e  narrow b an d  o f  channel 3. we use a  RTM  for th e  
coupled  a tm osphere -snow  surface  system  to  ca lcu la te  th e  A R F . In th is  m odel,  we 
need not m a k e  any  assum p tio n  a b o u t  th e  su rface  reflectance. As shown in F igure  
2.4. for a  l iqu id  w ater cloud w ith  sm aller effective d ro p le t  rad ius. A R F  is larger, 
b u t  the  p a t t e r n  of the sca tte r in g  field is s im ila r  for rF =  10 / im  and  r F =  20 /m i. 
G iven a  sa te l l i te  scene w itho u t  any  in fo rm a tio n  of cloud m icrophysics , we do  not 
know th e  c loud  droplet effective radius. W e assum e r c =  20 / im  to  ca lcu la te  th e  
A R F  as a  fun c tion  of view angle  and  a z im u th a l  angle for w a te r  clouds, an d  for ice
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
clouds, we assum e D e =  SO /im.
T h ese  values o f A R F  are used for th e  aniso trop ic  correction (see eq. (2 .12)). 
Obviously, this m e th o d  will am plify  the  calcu la ted  r 3 for re <  20 /im . and  for 
r t >  20 /im  r 3 will be u n d e res t im ated  because a  larger A R F is used in eq. (2.12). 
However the  decrease of A RF w ith  rc is much sm aller  after r e >  20 /im . and  for 
r, =  30 /im . the  ca lcu la ted  r3 is und e res t im ated  by less than 10%. As d iscussed 
la te r ,  this u n d e re s t im a te  will resu lt  in som e cloudy pixels with r e >  20 /im  to be 
iden tified  as ice cloud or partly  c loudy pixels, bu t these  pixels a re  only a  sm all  
p o r t io n  because th e  representati%'e value o f  cloud effective radius was observed to  
be 3.3-11.4 / im  (H e rm an  and C urry . 19S4). and  the  effective rad ius is seldom lager 
t h a n  20 /im  from Han et al. (1994). O veres t im ation  o f r3 for c loudy  pixel w ith  
rc <  20 / im  will not influence its identification  as c loudy  pixels.
M odel s im u la tion  shows a lbedo  a t  T O A  (r3) is not sensitive to  r  but very  
sensit ive  to re and  solar zenith ang le  for both  the  ice and  w ater c louds, as show n 
in F igure  2.5 and  2.6. For both  th e  w ater and ice clouds. r3 increases w ith  th e  
so lar  zen ith  angle. For smaller effective cloud d rople t size, the  r 3 is larger d u e  to  
th e  s trong  backsca t te r ing  for sm alle r  droplet size. r 3 increases w ith  optical d e p th  
for r  <  2. and  reachs a  constant value for r  >  6 . We also exam ined  th e  sensit iv ity  
of r 3 to  the  a tm osph e r ic  profile, a n d  the  difference in r3 for the  sub -A rc t ic  s u m m e r  
a n d  th e  w in ter profile is less th a n  5%.
2.2.3 A  Threshold Function
U sing  a  second o rder  polynomial in .sec(0o). we can  fit r 3 as a function  of so lar 
z e n i th  angle w ith  good precision. Th is  dependence  o f  r3 on solar z e n i th  angle will 
p lay  an  im p o r ta n t  in ou r  design o f  an au to m atic  c loud d isc r im ina tion  a lg o r i th m  
based  on r3. As an  exam ple , the  f i t ted  r 3 w ith  a second order polynom ia l  of sec{60)
36
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for r f =  20 y m  (w ate r  c loud) and  De =  SO /m i is also show n in Figures 2.5 a n d
2.6 ( rho m b o id a l) .  respectively. T h e  th resho ld  function  is as follows:
r3 =  60 4- 61 * sec(6o) 4- 62 * sec 2{60 ) (--13)
w here  the  coefficients are a  weak function  of cloud effective rad iu s  as show n in 
T ab le  2.1.
T a b l e  2 .1  C o effic ien ts  o f th e  T h re s h o ld  F u n c tio n  r 3 fo r  D ifferen t r ,  ( o r  D ,  j fo r  W a te r  a n d  Ice c lo u d s .
w ate r  cloud re =  S f i m re =  10 y. m re =  15 / /m r e =  20 /mibO -0.036 -0.047 -0.055 -0.051b l 0.185 0.168 0.128 0.105b 2 -0.021 -0.018 -0 .0 1 -0.006
Ice cloud D e = 40 /mi D e =  60 /m i D e =  SO /m ibO -0.056 -0.054 -0.052b l 0.0S4 0.077 0.073
b2 -0.0039 -0.0032 -0.0028
From F igure  2.6. r 3 for Oq  =  70° and  t  =  0 (clear sky) is larger than  r3 for 
0o =  55° a n d  r  =  6 for ice clouds, so th e  th resho ld  of c loud  d e tec tio n  m u s t  be 
ad ju s ted  acco rd ing  to th e  so la r  zenith  angle. T h is  th resho ld  function  is t h e  basis 
of o u r  a u to m a t ic  cloud d isc r im ina tion .
T h e  th resho ld s  to de tec t  w a te r  or ice c loud a re  c a lcu la ted  from  eq. (2.13). For 
w a te r  clouds, th e  threshold  function , thre . is ca lcu la ted  for rK =  20 /m i. a n d  for 
ice clouds, th e  threshold  func tion ,  threi. is ca lcu la ted  for De =  SO /m i. For a  l iquid  
w a te r  cloud r 3 is much la rge r  th a n  for a  sn ow /ice  covered surface, so r3 can  be 
used to d isc r im in a te  w ater c loud  from sn o w /ice  surface. How ever, for an  ice c loud  
(F igu re  2 .6 ). th e  difference in r 3 between c lear and  ice c loud  is sm all (ab ou t  0.015
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F i g u r e  2 .5  n  a t  th e  T O A  a s  a  fu n c tio n  o f  a n d  r ,  ( u p p e r  p a n e l) : a n d  a s  a  fu n c tio n  o f  Oq a n d  r  (low er p a n e l)  fo r  w a te r  c lo u d s . T h e  f ittin g  o f th re s h o ld  fu n c tio n  is sh o w n  in  rh o m b o id a l .
- 0.02). C onsidering  th e  e r ro r  in th e  ca lcu la t io n  of /?3 a n d  r 3 assoc ia ted  w ith  the 
an iso tro p ic  correction  a n d  the  removal o f th e rm a l  co m p o n en t  in channel .'3. an d  the 
sm all d ifference of r 3 over ice clouds a n d  sn ow /ice  surfaces, ice cloud d isc r im in a tio n  
will be  based  on th e  d ifference in b righ tness  t e m p e ra tu r e  betw een  chan ne ls  4 and 
•5.
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F i g u r e  2 . C  A s in F ig u re  2.5. b u t fo r  ice  c lo uds.
2.2 .4  Clear/Cloudy Discrimination Scheme
F ig u re  2.7 is a flow c h a r t  o f  the  c lo u d y /c lea r  d isc r im in a tio n  a lgo ri thm . It includes 
two m a in  parts . O ne  is th e  detec tion  of clear sky. in which a clear pixel will be 
iden tif ied  for a sm all  and  small B T D 45. and fu r th e r  identified if it passes th e  
following tes ts  and  belongs to one of th e  known possib le  surfaces. Th is  ap p ro ach  
decreases  th e  possib ility  o f  missing any  partly  c loudy  pixels or th in  clouds, so we 
no rm a lly  say it is a  c loud conservative approach . A n o th e r  p a r t  in the  flow chart
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F i g u r e  2 . 7  T h e  F low  C h a r t  o f  C le a r /C lo u d y  D is c r im in a to r .
i l lu s t ra te s  a  sim ple c loud  classification schem e to d e te c t  low w ater c lo uds ,  c irrus, 
c irrus  over low clouds o r m ixed phase  clouds. If a pixel has not yet been  identified 
as an y  o f  th e  above types ,  it is g ro up ed  as a  par t ly  c loudy  pixel a u to m a tic a l ly .
If a  pixel passes th e  following th r e e  tes ts ,  it is identified  as a clear p ixel.
1. S o lar albedo in channel 3 {r3 ):
If th e  norm alized  reflectance o f  channel 3 a f te r  an iso trop ic  co r re c t io n  is 
sm a l le r  th an  threi  ( r 3 <  th re i ). th is  pixel is d es ig n a ted  as c lear w ith  a  very
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low poss ib ili ty  for th is  pixel to  be c o n tam in a te d  by c louds because t h e  re­
flectance o f  channel 3 increases s ignificantly  over c louds. However, as th e  
precision o f  R 2 and  r 3 is l im ited  for a  cirrus o r  a  p a r t ly  cloudy s i tu a t io n ,  
m ore te s ts  a re  required . If B T D 45 <  Q l .  this p ixel will not be a  th in  c loud  
or c irrus.
2. Single th resho ld  tes t:  Ri  or R 2
As R\  a n d  R 2 is high over clouds a n d  snow /ice  su rfaces , low values o f  R \  or 
R 2 will b e  ind ica tive  o f  open  ocean  o r  m elt pond. H ow ever. /?i over a  pond  
is in f luenced  by th e  ice below th e  w a te r  in the  p o n d ,  so th e  decrease o f  R 1 is 
not so significant as th e  decrease  o f R 2 because th e  ab so rp t io n  by w a te r  in 
near in f ra red  or in fra red  is m uch s trong er .
3. R a tio  te s t :  R 2l =  R 2/ R i
T h e  s p e c t ra l  reflectance of snow, ice a n d  cloud is d iffe ren t,  especially  in th e  
near in f ra red  (channel 2 o f  A V H R R ). Snow reflects visible rad ia t io n  m o re  
s trong ly  th a n  it reflects rad ia t io n  in th e  near in frared , w hile cloud reflec tance  
rem ains  h igh  in these  tw o spectra l  regions. Thus, a  h igh  value of th e  ra t io  will 
be ind ica t iv e  of cloud, a  re la tively  lower value will b e  in d ica t iv e  of snow cover, 
and  for ice this value is m uch lower. B o th  R { and  R 2 a re  low over land , but 
R 2i over land  is la rger th a n  over c loud. N orm ally  R 2i > 1.6 is in d ica t iv e  of 
land (S aun ders  and  K riebel. 19SS). For ice R 2l is b e tw een  0.6 and  O.So. and  
for c louds R 2l is be tw een  0.85 a n d  1.1. Use of R 2i to  d isc r im in a te  ice from 
snow is re la tively  easy, bu t  it is so m e t im es  difficult to  use R 2l to  d is c r im in a te  
cloud from  snow surface.
In the  flow ch a r t .  R i  <  0.1S and  R 2l > 1.6 are  used to  iden tify  the  land . R 2l <
0.9 is used to  identify  sn ow /ice  or pond , a n d  R 2 <  0.06 is used to  iden tify  open
41
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w ater .  If a  pixel passes these tes ts ,  it is identified as a  clear pixel. O th e rw ise ,  it 
is identified  as a  c loudy  pixel. For th e  cloud re tr ieval (see C h a p te r  -5). we need 
to  know the  cloud phase , such as ice cloud or w a te r  cloud, for the  choice of an 
a p p ro p r ia te  cloud re tr ieval a lgo ri thm .
A sim ple  cloud classification a lg o r i th m  is developed  using the  m u lt ip le  spectra l 
in fo rm ation . Five typ es  o f clouds, such as cirrus, c irrus  over low clouds, low water 
c loud, and  par tly  c loudy  s i tua t io n  a re  identified. Here, as the  spatia l resolution 
for A V H R R  is 1.1 km  a t  sa tellite  subp o in t  and  is larger for large view ing angles, 
som e pixels will be  p a r t ly  clear a n d  p ar t ly  cloudy. A pixel th a t  is not com ple te ly  
filled w ith  cloud is called  as p a r t ly  c loudy pixel. P a r t ly  c loudy  pixels will not be 
fu r th e r  classified.
T h e  cloud top  te m p e ra tu re .  T .  has been used  to  classify the  c loud  as low 
clouds for T  >  265A’, m iddle  c louds for 265A’ > T  > 245A’ and  high cloud for 
T  <  2 45 A’ (Key a n d  Barry. 1989). Thresholds o f  cloud top  te m p e ra tu r e  used to 
iden tify  supercool l iqu id  w ater from satellites  a re  set as —17 ~  — 30°C (T h o m p son  
et al.. 1997. Ellrod a n d  Nelson. 1997). If T  is sm a lle r  th a n  253 K. it is c ir ru s  over 
low cloud because above  this te m p e ra tu re ,  the  c loud  is m ost likely com posed  only 
o f w a te r  cloud (M a tveev .  1984. O u  et al.. 1993). From field observa tions during  
April 19S3 and 1986 in th e  Arctic . C u r ry  et al. (1990) rep o r ted  th a t  significant ice 
c ry s ta l  nucleation  rou tin e ly  occurs a t  t e m p e ra tu re s  as high as —15 ~  — 20°C’. and 
in O c to b e r  com ple te ly  c rystalline  c louds occur a t  t e m p e ra tu r e  as high as ~  —14° 
C (C u rry  et al.. 1996). As BT4 is close to the  c loud  top  te m p e ra tu re ,  from  these 
observa tions , we set B T 4  >  258 K as a  condition  for pure  w ate r  clouds.
1. C irrus: while B T A  <  233 K. it is identified as c irrus since 233 K is th e  spon­
taneous freezing poin t for w a te r  d rople ts  (R ogers  and  Yau. 1989). Because of 
th e  influence o f  the rm a l em ission  from su rface  o r lower w arm er c louds below
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cirrus. B T 4  <  233 K is ind icative  of th ick  ice clouds.
A large BTD 45. for e x am p le  BTD45 >  Q l .  is widely used to  detec t c irrus  
(see for exam ple . Inoue. 1985. 19S7: Saunders  and  K riebel. 19SS: O u et al..
1993). However, not only  for the  cirrus, but o the r  ty p es  of cloud also have 
large B T D 45 in some range  of thickness. As BTD45 also depends on the  
viewing angle  (Saunders a n d  Kriebel. 1988: Y am anouchi et al.. 1987). use of 
BTD45 to  identify cirrus needs to be fu r th e r  eva lua ted . To avoid the  th in  
low w a te r  cloud or pa r t ly  cloudy pixel to be classified as c irrus, we set BT4 
<  T.lct and  r3 <  (lire, to g e th e r  with B T D 45  >  Q l to d e te c t  cirrus.
2. W ate r  c loud a n d  ice-contam inated  m ixed  phase cloud: r 3 >  thrc is ind ica tive  
of w a te r  clouds. If r 3 >  thre and  BTD45 >  Q2 it is iden tified  as cirrus over 
low c louds, and  if If r 3 >  thre and BT4 >  T4ci K it is identified as a m ixed  
phase cloud. O therw ise it is identified as a low w ate r  cloud. As we will see 
in Section  2.2.5. the  th resho ld  of Q2 is sm aller th an  Q l .  and  both  of th e m  
will be d e te rm in ed  in Section 2.3.2.
3. If a pixel has not been identified a fter  the  above tes ts ,  it is identified as a 
par t ly  c loudy  pixel au tom atica lly .
2.2.5 Rationale of the Choice of Thresholds
In th is  section, a RTM for the  coupled a tm osphere-snow  sy s tem  is used to  ca lcu ­
la te  the  reflectance in channels 1 and  2 under  clear and c loudy conditions, and  the  
b righ tness  te m p e ra tu re  in channels  3. 4 and  5 as well. W a te r  cloud p a ra m e te r ­
iza tion  is tak en  from Hu and S tam nes  (1993). and  ice cloud p a ram ete r iz a t io n  is 
taken  from Fu and  Liou (1993). T he  background tropospheric  and  s tra to sp h er ic  
aerosol m odel from M O D T R A N  is used. T h e  cloud top height is set w here the
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cloud top  t e m p e ra tu r e  equ a ls  th e  te m p e ra tu re  o f en v iro n m en ta l  a ir  following th e  
te m p e ra tu r e  profile. T h is  is very  im p o r tan t  for th e  ca lcu la tion  o f  the rm al rad ia t io n  
a n d  b righ tness  te m p e ra tu r e .  O nly  A tm ospher ic  profile in th e  sub-arc tic  su m m e r  
is used.
As we will see in th e  n ex t  chap ter,  th e  re f lec tan ce  in channe l 1 is sensitive  to 
a tm osph e r ic  aerosol o r haze , b u t  channel 2 is sensit ive  to w a te r  vapor in c lear sky 
because  the  effects of R ayle igh  sca tte r ing  a n d  aerosol s ca t te r in g  are significant in 
channel 1 b u t  sm all  in chan ne l  2. T herefore , u n d e r  clear sky conditions. R 21 is 
sm alle r  in su m m e r t im e  as co m p a re d  to w in te r t im e  as there  is m o re  w ater vapor in 
th e  a tm o sp h e re  in th e  s u m m e r .  For different a tm osph e r ic  profiles, the  s im u la te d  
b righ tness t e m p e ra tu r e s  in channels  3. 4 a n d  5 a re  different for these  channels but 
th e  b righ tness  t e m p e r a tu r e  difference. B T D 34  an d  BTD 45. is n o t sensitive to  th e  
a tm osph e r ic  profile. B T D 4 5  in su m m er is a  l i t t le  h igher th a n  th a t  in w in te r  as 
th e re  is m ore  w a te r  vapor in th e  su m m er in th e  A rctic .
1. R a tio  te s t  R 2 1
To account for th e  b id irec tiona l effects o f  snow or ice on th e  ratio  R-2i . th e  
reflectance in A V H R R  channels 1 and  2 for a  series of snow grain  sizes, m ass- 
fractions o f soot a n d  viewing geo m etry  a re  com pu ted .  M odel s im u la t ions  
show th a t  th e  d ep e n d e n c e  of R21 on so la r  zen ith  ang le  and  view ang le  is 
weak. T h e  v ar ia t ion  o f R 21 for so lar z e n i th  angle Oq =  60°. view ang le  
0 =  40°. an d  two different az im u tha l ang les , o  =  30° a n d  o  =  175° u n d e r  
clear sky cond it ion  is shown in F igure  2 .S. Due to th e  s t ro n g  b id irectional 
reflectance over snow. R 21 increases s ign ifican tly  with a z im u th a l  angle. R 2l 
over new snow w ith  sm all  grain  size is la rge r  th a n  th a t  over old snow because  
the  decrease  of R 2 w ith  snow grain size is m o re  significant for channel 2 th a n  
for channel I. R 2\ is larger over d i r ty  snow th a n  over c lean  snow because
44
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F i g u r e  2 .8  /?2 i a s  a  fun c tio n  o f  r . .  s t a n d  o  over sn ow  su rfa ce s .
/?[ is m o re  sensitive  th a n  R 2 to soot “em b ed d ed "  in th e  snow. F rom  our 
s im u la t io n s ,  values of R 2i over snow su rface  lie b e tw een  0.52 and 0.92.
U n d e r  c loudy  conditions. R 2i is h igh er  th a n  under c lear sky  cond it ions  over 
sn o w /ic e  surfaces. R 2i increases w ith  th e  cloud o p t ica l  d e p th  bu t decreases  
w ith  th e  effective d rop le t  size, im p ly ing  t h a t  R 2l over w a te r  cloud is larger 
th a n  over  ice cloud. As shown in F ig u re  2.9. R 2i increases with th e  re la tive  
a z im u th a l  angle  due to  th e  strong  b id irec t iona l  re flec tance  over a  snow  sur-
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C loud  Optical  Depth
F i g u r e  2 . 9  /?2i a s  a  fu n c tio n  o f r  a n d  r ,  over w a rm  clouds.
face. So. for a sm all az im u tha l  ang le  R 21 over a th in  c loud may be lower than  
over snow for large re lative a z im u th a l  angles, so se t t in g  a  uniform  thresho ld  
of R-2i to d isc r im in a te  snow from  cloud is difficult. From  model s im u la tions . 
R)  1 over clouds is between 0.6 a n d  1.4.
2 . B rig h tn e ss  tem p e ra tu r e  d ifferen ce  B T D 4 5
As we m en tioned  before, b r igh tness  tem p e ra tu re  is o b ta in ed  by invert ing  the  
P lanck  function  while the  rad ian ce  is given as th e  m easu red  one from  satel-
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lite. However, due to  th e  th e  non-linear re la t ionsh ip  o f th e  P lanck  function  
w ith  w avenum ber and  te m p e ra tu re ,  e rro rs  in the  re sp o nse  function  a n d  th e  
effective w avenum ber will lead to e rro rs  in the  c a lc u la ted  b righ tness  t e m ­
p era tu re .  A ssum ing th e  em issivity  o f  surface is 1 a n d  no a tm o s p h e re ,  if th e  
response  function and  effective w avenum ber used a re  a c cu ra te ,  th e  b righ tness  
t e m p e ra tu re s  in channels  3. 4 and  5 shou ld  equal to  t h e  physical t e m p e ra tu r e .  
As show n in the  u pp er  left panel of F igure  2.10. t h e  d ifference of b r igh tness  
t e m p e r a tu r e  with th e  physical te m p e ra tu re  in channe ls  3. 4 and  5 is less th a n
0.5 Iv for a  surface te m p e ra tu r e  betw een  230 K a n d  290 K. B righ tness  t e m ­
p e ra tu re  difference betw een  different channels is m u c h  less. B T D 45  (u p p e r  
right o f  F igure  2.10) is in  a  range of -0.1 K ~  0.15 K . a n d  B TD 34 (lower left) 
is in range  -0.15 K ~  0.1 I\.  This m odel is used to  e x a m in e  th e  v a r ia t io n  in 
B T D 34  and  BTD45 for different clouds a n d  surfaces.
F igures 2.11 and  2.12 show the  s im u la ted  BTD45 for l iquid  w a te r  a n d  ice 
clouds, respectively. W a te r  vapor abso rp t io n  in chan ne ls  4 and  5 causes th e  
rad ia t iv e  te m p e ra tu re  to  be  less th a n  th e  surface t e m p e ra tu r e .  As th e  a b ­
so rp tion  of w ater vapor in channel 5 is s tronger t h a n  in channel 4. B T D 45  
is always positive over clouds. For b o th  w ater a n d  ice clouds. B T D 45  de­
creases w ith  the  increase  o f effective c loud d rop le t  size. For c lea r  sky  or 
for th ick  clouds th a t  a re  the rm ally  b lack, the  ch an ne l  4 b r igh tness  t e m p e r ­
a tu re  is ab o u t  the  sam e  as tha t  of channe l 5. so B T D 4 5  is sm all. For th in  
c louds, w he th e r  the  c loud  consists o f  liquid w ater o r  ice. B TD 45 increases 
significantly  with a  m a x im u m  value of B TD 45 o ccu rr in g  a t  an  o p tica l  d e p th  
of ap p ro x im a te ly  2-3. Because th e  t r a n s m i t ta n c e  o f a  th in  c loud is high. 
B T D 45  is alm ost insensitive  to cloud top  te m p e ra tu re ,  th e  m easu red  rad i­
ance  by sa te l l i te  is m o s t ly  th e  th e rm a l  rad iance  e m i t t e d  from  th e  und e r ly in g  
a tm o s p h e re  and  surface. As th e  em iss iv ity  of c ir ru s  is channe l 4 is usually
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
less th a n  t h a t  in channel 5. m ore  transm iss ion  o f  clouds rad ia t io n  from below  
leads to a  la rge r  values o f BTD 45.
B TD 45 is sm a l le r  for c ir rus  overlying w a te r  cloud th a n  for cirrus over a 
surface because  most w a te r  vapor is in th e  lower t ro po sp he re .  This is t h e  
reason th a t  Q'2 <  Q l .  S im ilarly , as w ate r  vap o r is m u ch  less in the  p o la r  
regions th a n  t h a t  in m id-to-low  la t i tu d e  regions on E a r th ,  th e  th resho ld  for 
B T D 45 is e x p e c te d  to be sm alle r  in polar regions th a n  t h a t  in m id-to-low  
la t i tu d e  regions.
4. B r ig h tn e ss  te m p e r a tu r e  d ifferen ce  B T D 3 4
T h e  b righ tness  te m p e ra tu re  in channel 3 over cloud is m u c h  larger th a n  over 
sn ow /ice  su rface  due to th e  reflection of so lar rad ia t io n  in chan ne l  3 by c lo ud , 
so B TD 34 has been used for cloud de tec tion ,  especially  w a te r  clouds. F ig u re  
2.13 shows B T D 34  as a  function  o f solar z e n i th  a n d  effective d rop le t  rad ius  for 
liquid  w a te r  a n d  ice clouds a t  specific cloud to p  t e m p e ra tu r e .  T h e  sm aller  th e  
c loud effective radius, th e  larger BTD34. For a  w ater c loud  w ith  an effective 
d rop le t  rad iu s  o f 10 ^ m .  B T D 34  is 2 0~ 30  K dep end ing  on  th e  solar z e n i th  
angle, and  for effective d ro p le t  size 20 jjm . it decreases to  a round  15 K. as 
show n in u p p e r  panel of F igure  2.13. For ice c louds. B T D 34  is abou t 16~1S K 
u n d e r  th e  cond it ion  of surface  te m p e ra tu re  2S3 K and  c loud  top  t e m p e r a tu r e  
220 K. As B T D 34  depends on the  cloud m icrophvsica l  p ro pe r t ies  and  so la r  
zen ith  angle, a  dynam ic  th resho ld  is n o rm a lly  required . T h is  is the  reason  
we used r 3 in s tead  of B T D 34 in our cloud d isc r im in a t io n  a lgo rithm .
2.2.6 Identification of Snow Cover
As th e  high a lbedo  o f  snow cover presents a good co n tra s t  w ith  m ost o th e r  n a tu ra l  
surfaces, snow cover has been observed  since th e  first im age o b ta in ed  from  th e
IS
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TIR O S-1  w ea th e r  sa tellite  following its launch in April 1960 (S inger and  P o p h a m . 
1963). Snow cover has been m ap p ed  in the  N orth e rn  H em isphere  on a weekly basis 
since 1966 by X O A A  using a varie ty  of sensors, including A V H R R  and  passive- 
m icrowave sensors. A lot of snow cover m ap p in g  techniques, ranging  from visual 
in te rp re ta t io n ,  m u ltisp ec tra l  im age classification, decision t rees ,  change d e tec tio n , 
a n d  ratios ( K y le e t  al.. 197S: B un tin g  and d 'E n t r e m o n t .  19S2) have been developed. 
S p e c tra l -m ix tu re  modeling is also used for subp ixe l  classification of snow in a scene  
(X olin  et ah . 1993: Rosenthal. 1993).
Snow is easy  to  m ap  with the  1.6 p m  channel,  which is availab le  instead  o f 3.7-5 
p m  dur ing  th e  d a y  t im e  on X OAA-15 and on M O D IS  (Hall e t  ah . 1995). As th e re  
was no 1.6 p m  channe l  for A V H R R  before, snow m app ing  is no rm ally  based on th e  
difference of re flec tance  in channels 2 to 1. As discussed in th e  previous section, a  
high value of R 21 will be ind icative of clouds, a n d  a re latively  h igher value of snow 
cover, and  a low value is ind ica tive  of ice. pond  or open w ate r .  In C h a p te r  3 a n d  
th e  following c h ap te rs ,  snow surface is identified when 0.6 <  R 2i <  0.9 for c lea r  
pixels. A l im ita t io n  of this tes t  is th a t  R 2l over th in  clouds is close to tha t  over 
snow surfaces.
2.2 .7  Estimation of Cloud Cover
C loud  cover inferred  from sa tell ite  d a ta  is an effective cloud cover which is re la ted  
to  th e  w avelength , cloud optical p roperties  a n d  th e  underly ing  surface. So. it m ay  
be q u i te  different from  the  conventional cloud cover rep orted  by a surface observer  
(S aunders  and  K riebel. 19S9). T h e  biggest difficulty  in e s t im a t in g  th e  cloud cover 
is re la ted  w ith  t h e  par tly  cloudy pixels. For sim plicity , th e  cloud cover ca lcu la ted  
in th is  ch ap te r  is ju s t  the  ra tio  o f th e  n u m b er  o f cloudy pixels to  th e  to ta l p ixels 
on a specific d o m a in  w ithout fu r th e r  identification  of cloud cover for par t ly  c lo udy
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pixel. T h is  will no d o u b t  overes tim ate  th e  cloud cover if the re  are  m a n y  par tly  
cloudy pixels.
2.3 A p p lica tio n  and R esu lts
2.3.1 Data
One or two XOAA-14 A V H RR  overhead passes every  day  collocated  over the  
SH EB A  Ice C am p for 100 by 100 pixels, from  April to S ep tem ber .  199S. a re  used for 
cloud d isc r im ina tion  from  satellite . C loud fraction from surface w ea th e r  reports  
are used for validation . T h e  surface w ea th e r  reports  were p repared  a t  s ix-hour 
in tervals (00. 06. 12. IS G M T ) by the  S H E B A  P ro jec t  Office w ea the r  observers 
aboard  th e  C anad ian  Coast G ua rd  icebreaker "Des Groseil l iers”. who recorded 
the  c u r re n t .  10-minute average values of tem p e ra tu re ,  dew  point t e m p e ra tu r e ,  sea 
level p ressure , wind speed , and  wind d irec tion . The observers also m a d e  visual e s t i ­
m ates  o f  cloud fraction , cloud base height, visibility, and  cu rren t  and  pas t  w ea ther  
from th e  deck and b ridge  of th e  ship.
In th e  surface w ea th e r  report,  cloud observation  includes:
1. F rac t ion  of th e  sky covered by clouds of all types (eights: n u m b e r  9 implies 
sky obscured  a n d  /  implies cloud cover indiscernib le  for o th e r  reasons)
2. F rac tion  of the  sky  covered by all low clouds present (or if no low c louds, the  
frac tion  covered by m ed iu m  clouds present) (e ights: n u m b er  9 im plies sky- 
o bscu red  and /  implies cloud cover indiscernib le for o th e r  reasons)
3. C loud  types, inc lud ing  types of low cloud (coded categories 0-9 a n d  / ) .  types 
o f m ed iu m  cloud (coded categories 0-9 and  / ) .  a n d  types  o f high c loud  (coded 
categories  0-9 a n d  / )
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In o rd er  to assess th e  cloud p h ase  de tec ted  from  A V H R R . the  D epo la riza t ion  
a n d  B a ck sc a t te r -U n a t ten d ed  L idar  (D A B U L) d a t a  over SH E B A  are  used . DABUL 
is a  pu lsed  Iaser-radar o pe ra t ing  a t  523 nm  w avelength , th a t  was o p e r a te d  during  
t h e  S H E B A , excep t for F ebruary  1998 (Intrieri e t  al.. 2000). T he  ra n g e  resolution  
o f  D A B U L  is 30 m . a n d  the  t im e  resolution  is 5s. T h is  Lidar s y s te m  uses a low 
e n e rg y  laser w ith  h igh  repeti t ion  ra te s  for good sensitivity ' while b e in g  com ple te ly  
eye-safe. D a ta  a re  collected  in four channels acco rd ing  to  receiver field of view 
a n d  po lariza tion  d e tec ted :  far para lle l ,  far p e rpen d icu la r ,  near para l le l ,  and  near 
p e rp e n d ic u la r .  T h e  fa r  channel r e tu rn s  were used to  d e te rm in e  t h e  c loud  layers 
d u e  to  th e ir  high sensitivity . L inear  po la riza tion  is t r a n s m i t te d ,  a n d  paralle l and  
p e rp e n d ic u la r  refer to  th e  po la r iza t ion  detec ted . T h e  depo la riza tion  ra t io s  are ob­
ta in e d  by tak ing  th e  ra tio  of th e  p e rpen d icu la r  to  th e  parallel chan ne ls  in e i th e r  
t h e  n ea r  o r far channe ls  (Sassen. 1991). N early  spher ica lly  sy m m e tr ic a l  a n d  o p t i ­
ca lly  hom ogeneous sca tte re rs .  such  as cloud a n d  d rizz le  drops, g e n e ra te  near-zero  
d ep o la r iza t io n  of th e  incident ene rg y  in the  e x ac t  back sca t te r ing  d irec t io n ,  while 
non sp he r ica l  sc a t te re rs  such as ice particles, on th e  o th e r  hand , g e n e ra te  values 
w h ich  a re  typically  in th e  range S ~  0.4 - 0.5 (Sassen. 1991). and  ty p ica l ly  5 < 0.1 
is used  as a  th resho ld  to d is t ingu ish  clouds w ith  liquid w ate r  d o m in a te d  optical 
p ro p e r t ie s  (Intrieri e t  al.. 2000). even  though th e y  m ay  con tain  sm a ll  con cen tra ­
t io n s  o f  ice crystals  (B re th e r to n  e t  al.. 2000). In te rm e d ia te  values o f  S  m a y  ind ica te  
m ix ed -p h ase  clouds. T h e  cloud b o u n d a ry  d e te rm in a t io n  was o b ta in e d  by sim ply 
th re sh o ld in g  the  in te n s i ty  and  d ep o la riza tio n  values for cloud base a n d  to p  height. 
A f te r  each  cloud layer is d e te rm in ed  (base and  top  heights) the  ave rag e  re tu rned  
pow er a n d  the  depo la r iza tion  values a re  assigned for as m an y  layers as a re  de tec ted .
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2.3.2 Choice of Thresholds
T h e  average o f  R 3 versus r 3 (u p p e r  panel) a n d  R 3 versus B T D 3 4  (lower panel)  
for cloudy p ixe ls  for th e  A V H R R  images over S H E B A  from A pril  to  A ugust.  199S 
a re  shown in F ig u re  2.14. T h e re  a re  good corre la tions b e tw een  R 3 and r3. and  
betw een R 3 a n d  B T D 34. T h e  large variation range  o f B TD 34 d e m o n s t ra te s  th a t  
to  set a u n ifo rm  th resh o ld  o f  B T D 34 to de tec t  w a te r  clouds is difficult b ecau se  of 
its varia tion  so la r  z e n i th  angle . W ith  the n o r th w estw ard  m o v em en t  of S H E B A  Ice 
C a m p  and  t h e  seasonal var ia t io n , th e  solar z e n i th  angle changes a  lot. F igure  2.14 
also shows t h a t  th e  use o f R 3 g re a te r  0.0S to  d e te c t  w ater c louds (Gesell. 1989) is 
in a p p ro p r ia te  b ecause  m a n y  c loudy  pixels will be  mis-identified as clear p ixels and  
th e  cloud cover will be  u n d e re s t im a te d .
Because B T D 4 5  ten d s  to  be large for b o th  c irrus  and  th in  w arm  clouds, it is 
in a p p ro p r ia te  to  use only  B T D 4 5  to  detect th e  cirrus, as w idely  used in c u r re n t  
c loud  d e te c t io n  a lg o r i th m s .  F igu re  2.15 shows th e  seasonal v a r ia t io n  o f the  n u m b e r  
of pixels u n d e r  th e  cond it ion  o f BTD45 > 1 . 8  K. BTD45 >  2 K w ith  or w ith o u t  
B T D 4 <  258 K d u r in g  th e  m elt  season. T he  com parison  o f pixel num bers  in the  
lower panel o f  F ig u re  2.15 d em o n s tra te s  th a t  th e  n um ber  o f  c ir ru s  is m uch less if 
se t t in g  th e  th re s h o ld  B T D 4 <  25S [\. A lthough th e  accuracy  o f  th is  th resho ld  m ay  
need  to be fu r th e r  ev a lu a te d ,  it implies th a t  in m ost s i tu a t io n s ,  cirrus co-ex ists  
w ith  lower w a rm  clouds. As th e  to ta l  num ber o f  cloudy pixels d u r in g  Ju n e -A u g u s t  
is m uch la rger  in A pril-M ay. F ig ure  2.15 does no t ind ica te  t h a t  th e  ice cloud cover 
fraction  d u r in g  J u n e -A u g u s t  is larger than  th a t  dur in g  A pril-M ay.
To d e te rm in e  th e  th resho ld s ,  we have e x am in ed  dozens o f im ages from  May. 
1998. Here we p resen t on ly  one case for th e  choice of th resh o ld s .  F igures 2.16­
2.18 show th e  h is to g ram  of B T D 3 4 . BTD45. B T 4 and  r 3. an d  th e  co rresponding  
color im ages for th e  N O A A -14 overpass on M ay  16. 1998 a t  23:59 UTC o ve r  the
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S H E B A . T he  S H E B A  Ice C a m p  is in the  m id d le  of the  im age. T here  are  two 
d is t inc t  peaks from  the  h is to g ram  of BTD34 a n d  r3 (F igu re  2.16). The th resho ld  
of thre ca lcu la ted  from eq. (2.13) is abou t 0.12. threi  is 0.054 a n d  the  corresponding 
th resho ld  for B T D 34  from h is to g ram  is a bo u t  20 K and 15 K. T h e  to ta l  cloud a rea  
d e te rm in ed  from  BTD34 >  15 K is in good agreem en t w ith  r 3 >  0.054. which is 
obvious from F igure  2.17. T h e  w ater cloud a re a  d e te rm in ed  from BTD34 >  20 K 
is also in ag reem en t with t h a t  de te rm ined  from  r 3 >  0.12. For 0.054 <  r3 <  0.12. 
it is the  p a r t ly  cloudy cover, which is visible from BTD34 and  BTD45. From  
F igure  2 . IS. th e  lower brigh t pa r t  is cirrus over lower w a te r  clouds because th e  
B T D45 >  1.8 A' an d  r3 >  th re .
As discussed before. B T D 4 5  is widely used for detec tion  o f  cirrus, but B T D 45 
depend s on view angle and  w a te r  vapor con ten t  in the  a tm o sp h e re  (Saunders and  
Kriebel. 19SS). In ou r  following analysis, one  o r  two XOAA-14 passes close to  the  
local noon t im e  o f SH EB A  are  chosen, so th e  view angle is small. As the  w a te r  
vapor con ten t over snow /ice  surface in the  po la r  regions is m u ch  less than  th a t  over 
land o r ocean a t  m id- and low- la ti tude, the  th resho ld  of B T D 45  is expected  to  be 
less in the  A rc tic .  BTD45 =  2.0 K is chosen as a  threshold  w itho u t  considering its 
varia tion  w ith  view ing angle.
Based on th e  analysis o f dozens of images, we got the  th resho ld s  which will be 
used in th is  c h a p te r  as listed in Table 2.2.
T a b l e  2 .2  T h re sh o ld s  fo r S H E B A .
Q i Q2 T ,cl2.0 K 1.8 K 258 K
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2.3.3 Seasonal Variation o f Cloud Fraction over SH E B A
Figure 2.19 shows th e  seasonal varia tion  o f cloud frac tion  derived from  AVHRR. 
on X OA A-14. C loud  fraction  is ca lcu la ted  as the  ra t io  o f the  c loudy  pixels to  
th e  to ta l p ixels for A V H R R  overpass o f  100 by 100 pixels. One or two overpasses 
per  day close th e  local noon t im e  over SH EB A  were used. In these  im ages, th e  
view angles a re  sm all,  so the  effects of b id irectional reflectance a re  sm all.  For 
com parison , th e  cloud cover fraction  from surface w ea th e r  reports  is used  if th e  
t im e  difference betw een  sa te l l i te  overpass and  the  su rface  w eather obse rva t io n  is 
less th an  L hour. For th is  com parison , th e  cloud frac t io n  from su rface  w ea the r  
reports  needs  to  be m ultip lied  by 1/8  because  in th e  su rface  w ea the r  rep o r ts  th e  
cloud cover is rep resen ted  in eighths.
A veraged  cloud fraction  from A V H R R  between A pril  and A u g u s t .  199S. is 
74 %. w ith  a  m ean  cloud fraction  of 45% in April. 72% in May. 69% in J u n e .  83% 
in .July a n d  87% in A ugust.  T h e  m ean  cloud frac tion  from  surface observa tions  
is 75% d u r in g  th e  season, and  the  m o n th ly  average is 49%. 70%. 75%. S l%  and  
90% from A pril  to A ug us t,  respectively. T h e  difference between A V H R R  derived 
cloud cover w ith  surface observation  is abou t 2 % ~ S % . a n d  the largest difference 
is in .June. O ne  possible reason is t h a t  th e re  are not enough  X O A A -14 A V H R R  
im ages ava ilab le  over S H E B A  in Ju n e .  199S. O n average, cloud cover der ived  from 
A V H RR  is 2% less th a n  from surface observation. H istorical d a ta  o f  obse rva tion  
at  Barrow  from  1949-1995 shows th e  average  cloud cover is 50% in A pri l .  80%. in 
May. S0% in Ju n e .  S0% in Ju ly  and  90% in A ugust. Obviously, th e y  agree  very 
well. M ay k u t  an d  C hurch  (1973) found t h a t  com ple te ly  overcast skies ex is t  abo u t  
50% of th e  year,  an d  th a t  cloud cover is m ax im um  betw een  May a n d  N ovem ber 
(7 0 % ~ 9 0 % ). T h e  cloud fraction from  A V H RR  is in good  consistency  w ith  th e  
surface w e a th e r  observa tions if we tak e  into  account th e  difference o f  coverage
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from AV H R R  and  su rface  observations . However, th e  w ate r  c loud a m o u n t  from 
AV H R R  in th e  season is 56%  while th e  low cloud am oun t from  surface o bse rve r  
is 70% (F ig u re  2.20). H ere  w ate r  clouds from AV H R R  refer to  the  c loudy  pixels 
w ith  > th re .
2.4 S u m m ary  an d  D isc u ss io n
In this c h a p te r ,  a re la t ive ly  s im ple c loud  d isc r im ina tion  a lg o r i th m  was designed  
and  app lied  over the  A rc t ic  O cean. T h e  “sim plic i ty"  arises from  the  fact t h a t  only  
spec tra l  fea tu res  are used  for de tec tion  so as to  avoid com plica ted  c a lcu la t io n  of 
tex tu ra l  fea tu re s  and c o m p lica te d  decision s tra tegy .
Solar reflectance in c h an n e l  3 is used  for c loud d isc r im in a tion  from sn o w /ic e  
surface in th e  Arctic. A f te r  m aking  an  im p ro ved  e s t im a tion  o f R 3 and  an iso trop ic  
correc tion , we get the  a lb e d o  in channel 3 a t  T O A . A th resho ld  function  is o b ta in e d  
for a u to m a t ic  cloud d isc r im in a tio n .  T h e  m a in  d isadvan tage  o f this t e c h n iq u e  is 
its d ifficulty  in de tec ting  c ir ru s ,  so th e  b righ tness  te m p e ra tu re  difference be tw een  
channel 4 a n d  5 is used. T h e  physical soundness  of the  choice of th re sh o ld s  is 
exam ined  from  model s im u la t ion s .
T h is  c loud  d isc r im in a tio n  a lgo ri th m  is em ployed  for A V H R R  overpasses over 
S H E B A  Ice C a m p  d u r in g  A pri l -A u g us t .  I99S. A good consistency  o f c lou d  cover 
fraction  from  A V H RR  w ith  th a t  from th e  su rface  w ea the r  observa tions over S H E B A  
is o b ta in ed .  T h is  a lg o r i th m  proves to  be  effective, and  can  be applied  to  s tu d y  
th e  long -te rm  cloud p ro p e r t ie s  and  th e i r  re la tion  to the  c l im a te  change u s ing  the  
A V H R R  d a t a  during  th e  p as t  20 years.
A roun d  th e  thick c louds,  the re  m ay  be shadow s. T h e  de tec tio n  of cloud sh ado w s 
is a big p ro b lem  in c lo u d y /c le a r  d isc r im in a tio n .  Theoretica lly , it can be  c o m p u te d  
w ith  th e  g iven  view ang le ,  solar angle, d is t r ib u t io n  of c loud  edges, a n d  c loud
•55
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a lt i tu d e ,  b u t  it is im prac t ica l .  Cloud shadow de tec tio n  over snow is still u n d e r  
d eve lop m en t.  Because o f  th e  large spatial coverage observed by A VH RR. the  
underly ing  su rface  dur ing  th e  m elting  season is not hom ogeneous, and  some pixels 
could be  com po sed  of p a r t ia l  cloud cover, snow. ice. lead and  p o n d .  No efforts have 
been m a d e  to  achieve sub-p ixel d iscrim ination  from the  s a te l l i te  m easu rem en ts .  
More d e ta i l  a b o u t  cloud p hase  detection  can be found in the  w ork of Menzel and  
S traba la  (1997). Im provem ent in the  detec tion  o f  cirrus is possib le  using channe l 
in 1.3S f-im (G ao  et al.. 1993). which is available on  M ODIS a n d  some o th e r  new 
sensors to  b e  launched  in th e  future.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
Water Cloud. Tg=273K. Re=lOum. ?-5C
2 .0  ■
Cloud optical depth
Water Cloud. Tg=273K. Tc=260K. e = 5C
- l  r_  255 260 265 270BT4(K) 275 280 285
F i g u r e  2 .1 1  B T D 4 5  as  a  fu n c tio n  o f r .  r , .  Tr_ a n d  T g for w a te r  c lo u d s .
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v e rsu s  r 3 (u p p e r  p a n e l)  a n d  B T D 3 4  ve rsus  R 3 ( lo w e r  p a n e l)  fo r c lo u d y  p ix e ls  
1998 over S H E B A  .
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F i g u r e  2 .1C  H is to g ra m  o f  BTD3-1. B T D 4 o . BT4 a n d  rs  fo r X O A A -14  A \  H R R  p ass o n  NIa\ IG. L99S 
a t  23:59 F T C  .
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F i g u r e  2 .1 7  C o lo r im a g e  o f  B T D 3 4  a n d  rz  f o r  N O  A  A -14 A V H R R  p a ss  on  M ay  16, 1998 a t  23:59 U T C
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Figure 2 .18 As in Figure 2.17. but for BTD45 and BT4
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C hapter 3
R etrieva l o f  Snow  G rain Size,
S oot and Surface A lb ed o  from  
A V H R R  Data: V alidation  w ith  
S H E B A  M easurem ents
Surface  a lb ed o  is one  of th e  m ost im p o r ta n t  factors influencing the  r a d ia t io n  b u d ­
get of the  e a r th -a tm o s p h e re  system . O f  all th e  surface typ es  on E a r th ,  snow and  
ice surfaces have  the  h ighest albedo. T h e  b id irectional reflectance o v e r  snow or 
ice surface is p ronounced  for the  large so la r  zenith  ang les  in the  A rc t ic  (C u rry  
et al.. 1996). T h us ,  a c cu ra te  d e te rm in a t io n  of the  a lb e d o  and  the  B R D F  (B id i­
rec tiona l R eflec tance  D is tr ibu tion  F un c tion )  is essential for reliable e s t im a t io n  of 
th e  rad ia t io n  b udget in th e  Arctic . As su rface  reflective p roperties  a lso  have  sig­
nificant effects on the  upw ard  rad iance  a t  the  top o f a tm o sp h e re  (see  C h a p te r  
5). a c cu ra te  d e te rm in a t io n  o f the  surface  a lbedo  and  B R D F  is also im p o r ta n t  for 
c loud re tr ieva l (see C h ap te rs  4 and  5). However, the  co n tin u ou s  solar i l lu m in a t io n  
d u r in g  the  s u m m e r  resu lts  in a rapid c h a n g e  of th e  su rface  physical con d it ion s .
6S
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such as  th e  m elting  o f  snow  and ice. a n d  the  fo rm ation  o f ponds and  leads. This 
season betw een  M ay a n d  A ugust in th e  Arctic, c h a ra c te r iz e d  by rap id  chan ge  of 
surface physical cond it ions , is called “Transition  S eason" . T h e  rap id  ch an ge  of 
surface  a lbedo  due  to  th e  fast change o f surface con d it ion s ,  and  the  p a u c i ty  of 
field m easu rem en ts  o f  a lb ed o  make it difficult to get t h e  rea l- t im e  a lbedo  which is 
necessary  for im proving  th e  perfo rm ance  o f regional c l im a te  m odels in th e  A rctic . 
M easu rem en ts  over large  spa tia l  a reas  from sa te ll i te  a n d  th e  m ultip le  overpasses 
of th e  po lar-o rb iting  sa te ll i te s  in the  p o la r  regions m a k e  it feasible to m o n i to r  the 
change o f th e  surface a lb e d o  and  B R D F  from space.
T h e  snow /ice  a lb edo  genera lly  d ep en d s  on the  w ave leng th  of the  inc iden t  solar 
rad ia t io n , snow /ice  age  a n d  d ep th , a i r  bub b le  d is t r ib u t io n  in ice. sun ang le , cloud 
cover a n d  im purit ies  such  as dust. ash . soot and  sa lt  (C la rke  and  X oone . 19S-5: 
W arren  19S2: Tsay e t  a l. .  19S9). Due to  the  p rono unced  b id irectional reflec tance  
over sn o w /ic e  surfaces, aniso trop ic  correc tion  is req u ired  for a c cu ra te  retrieval 
of su rface  albedo from sa te l l i te  d a ta .  T h e  an iso trop ic  correc tion  is u sua l ly  done 
by m u lt ip ly in g  the  T O A  albedo, o b ta in e d  by a ssu m in g  th a t  the  T O A  reflected 
rad ia t io n  is isotropic, w ith  an em pir ica l  an iso trop ic  co rrec tion  factor, which is 
n o rm ally  based on resu lts  from the  E R B E  (E ar th  R a d ia t io n  Budget E x p e r im e n t)  
s tud ies  o f aniso trop ic  reflectance over various surfaces (e.g.. Taylor a n d  Stowe. 
1984: S u t t le s  ct al.. I9SS). However, s ince E R B E  is a  b ro a d b a n d  in s t ru m e n t ,  these 
correc tion  factors a re  not ap p ro p r ia te  for narro w b and  channels .  If we can  retrieve 
the  physica l p a ram e te rs  o f the  surface, from which it is possible to  d er ive  the  
su rface  a lb edo  and B R D F  directly, we can  avoid a n y  fu r th e r  an iso trop ic  correction  
and a n y  assum ption  a b o u t  surface reflectance ch a rac te r is t ic s .  Th is  is t ru e  for 
snow surfaces because th e i r  optical p ropert ies  can  be p a ram e te r iz ed  in te rm s  of 
the  effective snow g ra in  size ( r s ) and  th e  mass frac tion  o f soot (.s( ). as show n by 
W arren  and  W iscom be (19S0). Moreover. r s and s t can  be re tr ieved  from  A V H R R
69
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channels  1 and  2 (see for exam p le  Han et ah .  1999: Key. 1996). In th is  chap te r,  an  
a lg o r i th m  for s im u ltaneous  re trieval of r3 and  m ass-fraction  o f  soot is developed 
using th e  reflectance in A V H RR channels 1 a n d  2. T h e  basis o f  th is  a lgorithm  is a  
RTM  which includes snow as an  additional layer a t  th e  b o t to m  o f  th e  a tm osphere .
Xon-snow covered surfaces a re  assum ed to  be  L am bertian . T h is  is a s im ple but 
widely used app ro x im atio n  to th e  reflectance for m ost types o f  E a r th  surfaces. An 
a lg o r i th m  to re tr ieve  the  narrow band  a lbedo in channels 1 a n d  2 using A VH RR 
d a ta  is developed. T h e  b ro adband  albedo o f th e  surface can be  o b ta in ed  th rough  
X T B  conversion.
In th is  ch ap te r ,  we will first in troduce  th e  a lg o r i th m  and  d iscuss th e  unce rta in ty  
assoc ia ted  w ith  th e  use of AV H R R  channels 1 a n d  2 to  re trieve r s an d  s, .  Xext. th e  
a lg o r i th m  for a lbedo  retrieval is presented  w ith  em phasis  on th e  X T B  conversion.
T h e  effect of snow b id irectional reflectance on  the  a lbedo re tr ieva l is discussed. 
Finally, th is  a lg o r i th m  is applied  to get th e  seasonal varia tion  o f  a lbedo  over th e  
A rc tic  O cean.
3.1 R etr iev a l o f  Snow  G rain  S ize and M ass-F raction  
o f  S oot
3.1.1 Retrieval Method
T h e  sn o w /ice  d iscr im ina tion  a lgo ri thm s of C h a p te r  2 can be used to  identify  surface 
pixels covered by snow. Xow. we will investiga te  th e  possibility  o f re trieving th e  
r s and  r, for snow pixels.
T h e  retrieval o f  rs and s» is possible because  th e  snow reflec tance  in the  near 
in frared  depend s  p rim arily  on th e  r s„ while in th e  visible it d ep e n d s  on bo th  r s and  
s,. Xolin and  Dozier (L993) e s t im a te d  snow g ra in  size using th e  reflectance a t  1.04
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/ /m . Bourdelles a n d  Fily (1993) used the  T h e m a t ic  M apper b an d  4 (TM 4. 0.S4 
f im )  to  re trieve r s. and  found th a t  the  re tr ieved  rs from TM 4 is m u ch  larger th a n  
th a t  re trieved  using  TM 5 (1.65 / im ) and T M 7  (2.2 /zm). F u r th e r  investigation  o f  
the  re la t ionsh ip  o f  r s with th e  wavelength used  for retrieval was m a d e  by Li e t  al. 
(2000). Li et al. (2000) concluded  th a t  the  d ifference in re trieved  rs is re la ted  to th e  
difference in p e n e tra t io n  d e p th ,  which was 5.0 cm  for 0.S6 //m chan ne l .  1.0-2.0 cm  
for 1.24 /zm c h an n e l  and 0.1-0.2 cm  in w avelength  1.73 /.an. Because  the  re tr ieved  
rs from sa te l l i te  m easu rem en ts  is a  dep th -w eigh ted -averaged  value, a n d  the  snow  
gra in  size n o rm a lly  increases w ith  the  snow d e p th ,  it is easy to  u n d e rs ta n d  t h a t  
th e  snow gra in  size is larger for shor te r  w ave leng ths  th a t  p e n e t r a te  deeper in to  
the  snow and  th u s  lead to larger re trieved g ra in  size. It should be  no ted  th a t  t h e  
re tr ieved  effective snow gra in  size may be d ifferen t from the  m easu red  geom etr ic  
g rain  size because  th e  effect o f  snow grain sh a p e  cann o t  be neg lected . Aoki et a l. 
(199S) found t h a t  for wavelengths larger t h a n  1.5 /m i. the  fine s t ru c tu re  o f snow  
was m easured  in s tead  of th e  c ry s ta l  radius, so e x t re m e  care m u st  be exercised if 
one desires to  re tr iev e  snow g ra in  size using th e  1.73 /mn channel (Li e t al.. 2000).
Based on th e  rad ia t ive  t ran s fe r  theory, we can  w rite  one eq u a t io n  for each c h a n ­
nel. U nder c lear sky condition , th e  variables influencing the  rad ia t iv e  t rans fe r  in 
th e  a tm o sp h e re  a re  the  op tica l  properties o f aerosols. Rayleigh sca tte r in g ,  a b s o rp ­
tion  by w ater v ap o r and o th e r  t ra ce  gases. As th e  in-situ  m e asu rem en t  of aerosol 
in A V H R R  chan ne l  1 and 2 is unavailable, we use c lim atological d a t a  for aerosol 
and  0 3 . T h e  profile of w ate r  vapor can be o b ta in e d  from sound ing  profiles. As 
the  snow surface  reflectivity p ropert ies  can b e  rep resen ted  a ccu ra te ly  with  r s a n d  
.s, as provided by W iscom be an d  W arren (1980). in which Mie th eo ry  was used  
to get the  e x t in c t io n  coefficient and  the p h ase  function  assum ing  th e  snow g ra in s  
to  be spherical partic les, th e  sa te l l i te  m easu red  rad iances in channe ls  1 and  2 will 
dep end  only on th e  surface rs and  s t . As show n in Figure 3.1. th e  reflectances
71
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F i g u r e  3 .1  S im u la tio n  o f  re f le c ta n ce s  in  A V H R R  ch an n e ls  L a n d  2 a s  a  fu n c tio n  o f  sn o w  g ra in  s ize  ( r , ) a n d  m a ss -fra c tio n  o f  so o t ( s t ) u n d e r  th e  c o n d it io n  o f 60 =  6 0 ° . 0 =  10°. o  — 50° .
in channe ls  1 and  2 decrease  m on o ton ica l ly  w ith  the  increase o f  snow gra in  size 
a n d  th e  am o un t o f  soot "e m b e d d e d "  in th e  snow, b u t  th e  re flec tance  in chan ne l  
2 is not so sensitive to  s t as c h a n n e l  1. Using these  two channels ,  we have tw o 
e q u a t io n s  with  two unknow n variab les:  rs an d  s f. which no rm ally  can  be solved. 
T h e  so lu tions a re  u n ique  as sh ow n  in Figure 3.1.
Using the  R TM  in which snow  is t rea ted  as an  add itiona l  layer a t the  lower 
b o u n d a ry  we g en e ra ted ,  two look -up  tables for channels  1 and  2 for a  series o f  r 3 
a n d  m ass-frac tions o f soot. T h e  view ing g e o m e try  is also considered . For a  g iven
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viewing g eo m etry ,  th e  d im ension  of the  look-up tab les  can be  decreased to 2-D 
tab les o f  re flec tance  in chan ne ls  1 and  2 as functions o f  r ,  and  N ext,  by sea rch ­
ing for a set o f  s im u la ted  rad iances  which coincide  w ith  th e  m e asu red  rad iances 
w ithin  a  p redefined  erro r  m arg in ,  then  s ta n d a rd  ex trap o la t io n  a n d  in te rpo la tion  
techniques can  be used to  find th e  corresponding  values of rs a n d  s t .
Since re flec tance  in channe l  1 is sensitive to  b o th  snow g ra in  and  am o un t of 
soot e m b e d d e d  in the  snow , and  channel 2 is p r im ari ly  sensitive  to  grain  size an d  
insensitive to  soot a m o u n ts ,  th e  steps of re trieval can be des igned  as follows:
L. Set an  in i t ia l  value o f  m ass  fraction (s Iq) o f  soot as 0.05 p pm w . and  ad ju s t  th e  
rs u n ti l  th e  s im u la te d  reflectance in channe l 2 is m a tch ed  w ith  the  sa te l l i te  
m e a su re m e n t .  As channe l 2 is not sensitive  to  soot frac tion , this rs ( r sQ) 
tends  to  be a  good app ro x im a tion  to th e  t ru e  value.
2. Set th e  r ,  to  the  value rs0 d e te rm ined  in s tep  1. a d ju s t  th e  soot frac tion  
until t h e  s im u la ted  reflec tance  in channel 1 is m a tch ed  w ith  the  sa te l l i te  
m e a su re m e n t .  Th is  value  is an app ro x im a te  value of th e  soot fraction s t i :
3. If th e  difference be tw een  st  i and  s t0 is larger th a n  0 .001 p pm w . we set .sC =  
( s i i + s t 0) /2 .  and  r e tu r n  to s tep  1. C on tinue  this loop until  b o th  th e  s im u la ted  
reflec tances in channe ls  1 and  2 are m a tch e d  w ith  the  sa te l l i te  m easu rem en ts  
w ith in  th e  p rescribed  e rro r  range.
N orm ally  a  few i te ra t io n s  are  enough to  get  a  converged num erica l  so lu tion . 
From our expe rience ,  th e  e r ro r  between the  m odel s im u la ted  re flec tance  and sa te l l i te -  
m easu red  re flec tance  is set as 1%. If a  solution c a n n o t  be o b ta in e d ,  this pixel m ay  
be cloud c o n ta m in a te d  (p a r t ly  c loudy pixel), a n d  we abandon  it.
This a lg o r i th m  for th e  re tr ieval of rs and at is s im ila r  to  t h a t  developed by Han 
et al. (1999). T h e  differences are:
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•  In th is  chap te r ,  th e  norm alized reflectance is used instead  o f th e  absolute  
value of radiance. Thus, we can decrease th e  e r ro r  between th e  model sim ­
u la ted  reflectance and  the  real sa tellite  m e asu rem en t  because  th e  channel 
w id th  and  response function in the  band m odel does not ex ac t ly  fit the  real 
sa te l l i te  channel.
•  Fourier expansion in az im u tha l  angle with 9 te rm s  is used (D an  and  Weber. 
1995). so in te rpo la tion  in az im u tha l angle is not necessary. In th is  way. we 
can increase th e  com pu ta t ion a l  precision and  decrease  the  size o f  the  look-up 
tab les  by I d im ension .
In th e  look-up tab les , we used rs ranging from 50 to  2000 f.im . a n d  .s, ranging 
from 0.02 ppm w  to  0.5 ppm w  (parts  per million by weight). For soot we used a 
5.7-1 cross-sectional a rea  per unit mass, which is a  typ ica l  value for a  m ix tu re  of 
g raph ite  an d  am orphous  carbon  (W arren  and W iscom be. 19S0: Han et al.. 1999). 
A com prehensive  RTM  based on th e  D ISO RT code (S tam n es  et al.. 19SS) was used 
for genera ting  th e  look-up tables.
3.1.2 Uncertainty Analysis
Possible e rro r  sources in the  retrieval of rs and  inc lude  use o f an  inap prop ria te  
a tm ospheric  profile and  aerosol m odel, uncerta in tie s  in th e  sa tell ite  m easu rem en ts  
and  uncerta in ties  associa ted  with the  retrieval m e th o d  itself due  to in terpola tion  
a n d /o r  ex trap o la tio n  in th e  look-up tables. T h e  c o n tam in a tio n  by par t ly  cloud 
cover or m is-identified ice as snow due to error in th e  cloud m ask  is ano th e r  im ­
po r tan t  source or error. O th e r  error sources include  th e  deviation  of th e  assum ed 
spherical sh ape  of snow grain  size from the ir  t ru e  sh a p e  and  surface roughness.
Because th e  absorp tion  of H-20  in the  visible is weak, the  influence of a tm o ­
spheric h u m id ity  on channel I is very small. As show n in F igure  3.2. R\  calcu la ted
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F i g u r e  3 .2  D iffe ren ce  o f  re f le c ta n ce  in A V H R R  c h a n n e l  1 for d iffe ren t ae ro so l m o d els  ( u p p e r  pan e l) 
a n d  d iffe ren t a tm o s p h e r ic  p rofiles (lo w er p an e l) u n d e r  th e  co n d itio n  o f  Oq = 60°. 0 = 10°. o  = oO0.
from  a su b a rc t ic  %vinter a tm osp h e r ic  profile is a  l i t t le  la rge r  than  t h a t  from  the  
s u m m e r  a tm o s p h e r ic  profile, bu t th e  difference is less th a n  2%.  However. A V H R R  
ch an ne l  2 (0.72-1.10 p m )  cover th e  s trong  w ate r  ab so rp t io n  band  a t  0.94 p m .  so 
w a te r  vapor a b s o rp t io n  is significant in channel 2. T h e  ca lcu la ted  R 2 from  the  
w in te r  a tm o s p h e r ic  profile is m ore  than  40%  larger th a n  from the  s u m m e r  profile 
becau se  th e  o p t ica l  d e p th  o f lower a tm o s p h e re  w ater v ap o r  abso rp t ion  is a lm ost 
two t im es  la rge r  in s u m m e r  th a n  in w in ter .
T h e  effect o f  aerosol m ay  be  im p o r ta n t  in channel 1. bu t not in ch an ne l  2.
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F i g u r e  3 .3  A s in  F ig u re  3 .2 . b u t  fo r A V H R R  c h an n e l 1.
To e x a m in e  th e  effect o f  aerosol, two d ifferent aerosol m odels were chosen. O n e  
rep resen ts  very  clean a ir  cond it ions  a s su m in g  the  b o u n d a ry  layer t ro po sp he r ic  ex ­
tin c tio n  w ith  default v is ib il i ty  of 50 k m  and  a  background  s t ra to sp h e r ic  aerosol. 
T h e  o th e r  m odel rep re sen ts  b o u n d a ry  layer m a r i t im e  aerosol e x t in c t io n  w ith  vis­
ibility  o f 23 km . and  a  s tra to sp h e r ic  aerosol w ith  high volcanic profile and  fresh 
volcanic e x t inc t io n .  B o th  R\  and R 2 from  th e  high volcanic aerosol m odel is lower 
th an  from  th e  background  s tra to sp h e r ic  m odel,  bu t th e  difference is a b o u t  o%.  
As th e  s c a t te r in g  by aerosol is larger in th e  visible t h a n  in the  nea r  infrared , th e
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influence of aerosol in channel 1 should  be large r th a n  in channe l 2. T h is  seems 
inconsistent w ith  th e  above ca lcu la tion . However, th e  a tm osp h e r ic  profile used in 
th is com parison  is the  subarc tic  s u m m e r  profile, so th e  value o f  /?•> is m uch  sm aller 
th a n  Ri.  lead ing  to  th e  re lative e r ro r  in R2 being  a  little  larger th a n  in /?[. but 
not the ab so lu te  e rro r.  T h e  difference in R 2 re su l t ing  from different aerosol m odels 
th a t  is ab o u t  5%.
From the  abo v e  discussion, use o f in s tan taneous  w ater c o n ten t ,  ozone am o un t  
and  aerosol o p t ic a l  d e p th  of the  a tm o sp h e re  is requ ired  to im pro ve  th e  accu racy  for 
snow retrieval. F rom  th e  S H E B A  sounding profile d a ta  over snow and  ice surface 
in April and  M ay. we found th a t  th e  subarc tic  w in te r  profile is close to  m ost of 
the  real a tm o s p h e r ic  sound ing  profiles, so in th e  following snow retrievals between 
April and  May. we use th e  su b a rc t ic  w in ter profile instead  of t h e  su b a rc t ic  su m m er 
profile.
In o rder  to  ex a m in e  the  e rro r  of th e  re trieval m e tho d  itse lf  d ue  to  the  in te r­
polation  and  e x t ra p o la t io n  in th e  look-up tab les , we g enera ted  th e  reflectance in 
channels 1 a n d  2 from  accu ra te  rad ia t iv e  tran s fe r  s im ula tions for a  series of rs. 
•st and  v iewing geom etries ,  covering  the  range o f grain  size 5 0 ~ 2 0 00  p m .  mass- 
fraction o f  soot 0 .0 2 ~ 1 .0  ppm w  a n d  a  large range  o f  viewing g eo m etry .  W ith  these 
sim ula ted  d a t a  as inp u ts  to th e  snow retrieval a lgo ri thm , we got th e  "retrieved" 
rs and s t . C o m p ar iso n  of th e  "retr ieved" r s an d  s t with th e  "real" values used 
to  ca lcu la te  t h e  reflectances (F ig u re  3.4) shows th e  e rror in t h e  re tr ieved  r s is less 
th an  20 p m  (1% ). and  the  e rro r  in th e  re trieved s ( is less th a n  5 ~ 1 0 % .
T he  e s t im a te d  abso lu te  e rro r  o f  sa tellite  m easu red  rad ian ce  is 5% ~10%  (H an 
et al.. 1994). In o rd e r  to  ex am in e  th e  u n ce r ta in ty  of sa te l l i te  m easu rem en ts  on 
the  snow re tr ieva ls ,  we assum ed  ± 5 %  error in th e  reflectances in channels 1 and
2. T h e  u n c e r ta in t ie s  in th e  re tr ieved  snow r s a n d  s ( are show n in F igure  3.5. For 
rs <  50pm . th e  re la t ive  e rror o f  r s can  be as h igh  as 200%.. a n d  for rs > 500 p m .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0 500 1000 1500 Snow Grain Size (Rs. >xm) 2000











- 0 .2 0  : z
0.0 0.2 0.4 0 .6 0.8 1.0M ass-fract ion  of Soot (ppmv)
F i g u r e  3 .4  E rro r  o f  th e  re tr ie v e d  snow  g ra in  size (u p p e r  p a n e l)  a n d  s o o t ( lo w er p ane l) d u e  to  th e  re tr ie v a l p ro c e d u re .
th e  e rro r  is a b o u t  30%. For clean snow with m ass-frac tion  o f  soot less th a n  0.05 
ppm w . th e  e r ro r  in th e  can be as high as 200%. for .s( >  0.1 p pm w . the  ave rag e  
e rro r  is ab o u t  50% . It can  be concluded th a t  e rro rs  in the  sa te l l i te  m easu re m e n ts  in 
A V H R R  channels  1 and  2 can lead to  quite  significant erro rs  in th e  re trieved  r s and  
Due to  th e  poor ca libra tion  of A V H R R  in channels  1 an d  2. use  of the  re tr iev ed  
rs and  s, in th e  rad ia t io n  budget es t im a tes  is su b jec t  to  large uncerta in tie s .
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F i g u r e  3 .5  E rro r  o f  th e  re tr ie v e d  snow  g ra in  s ize  (u p p e r  p a n e l)  a n d  soo t (low er p a n e l)  for an  u n c e r ta in ty  
o f  ±  o ‘/c in s a te l l i te -m e a s u re d  reflec tan ces  in  ch an n e ls  1 a n d  2.
3.2  R e tr iev a l o f  Surface A lb ed o
3.2.1 Retrieval Principle
R etr ieval  of su rface  a lbedo  from th e  sa te ll i te -m easu red  rad iances  has been  a t ­
t e m p te d  for m a n y  years , but m ost a t t e m p ts  were m ade  over non-snow covered  
land  su rface  (see for exam ple  Langleben. 1971: Briegleb e t  al.. 19S6: S au n d e rs .  
1990: De A breu  e t  al.. 1994: Li and  Leighton. 1992: Toll et al.. 1997: C'siszar a n d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
so
G u tm a n .  1999: Song and  G ao. 1999). A retrieval of su rface  a lbedo  of the  A rc t ic  
sea ice was m ad e  by Lindsay and  R oth rock  (1994). However, surface m e a su re ­
m en t d a t a  used for validation were lim ited  in the  A rc tic ,  and  the  cloud m ask in g  
tech n iq ues  used in the  past to  identify th e  clear pixels were unreliable. So. im ­
p ro v em en t  and  validation for surface a lb edo  retrieval over high a lbedo  surfaces in 
th e  A rc tic  a re  required.
For each channel, we have  one equa tion  based on rad ia t iv e  transfer theory . If 
th e  su rface  is assum ed to be a  Lam bert reflector, which assum es the  reflec tance  is 
u n ifo rm  ind epen den t  of angle, and  the  o p tica l  p ropert ies  o f aerosol and  the  a m o u n t  
for th e  t ra c e  gases are taken  from  the  clim atological d a t a ,  th is  equa tion  is s im p li ­
fied as an  eq u a t io n  with one unknow n variab le  because th e  m easu red  reflectance at 
th e  T O A  d epends  only on su rface  albedo. As th e  reflec tance  a t  th e  TO A  increases 
w ith  th e  increase of surface albedo, the  so lu t io n  is un ique .  Because the  sa te l l i te s  
m e a su re  on ly  th e  narrow band  directional rad ian ce  in specific channels, we can  only  
der ive  th e  sp ec tra l  albedo from the sa te ll i te -m easu red  rad iance . However. G C M s 
a n d / o r  regional c lim ate  m odels use. in genera l,  the  b ro a d b a n d  albedo, so it is 
des irab le  to  derive the surface b roadband  a lbedo  from sa te l l i te  d a ta .  D erivation  
o f su rface  b ro ad b an d  a lbedo  from sa te ll i te  d a ta  requires (i) conversion of d irec ­
tional reflec tance  to hem isphericallv  in teg ra ted  reflectance o r a lbedo , (ii) rem oval 
of a tm o sp h e r ic  effects, and  (iii) conversion from narro w b and  a lbedo  to b ro a d b a n d  
a lbedo . D istinc t  character is tics  of a lbedo  in the  red (visible) and  near- in frared  
regions for different snow /ice  surface cond it ions  may requ ire  different narrow -to - 
b road  conversions.
A niso trop ic  correction is required  when retriev ing  su rface  a lbedo  from sa te l l i te  
m e asu red  rad iance , especially in the  polar regions d u e  to  s tro n g  b id irec tiona l re­
flectance  over snow or ice surface. An "an iso trop ic  co rrec tion "  to the  a lbedo a t  th e  
T O A  has genera lly  been m a d e  to account for the  b id irec t ion a l  reflectance using
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th e  correction  factors from E R B E  (Taylor a n d  Stowe. 19S4). However. E R B E  is 
a b ro ad b an d  in s t ru m en t,  the  correction factors from E R B E  can  only be used if 
we assum e th a t  they  are the  sam e  for A V H R R  channels 1 an d  2 (D e A breu  e t  al..
1994). Th is  assum p tion  is not appropria te . Saunders  (1990) found  th a t  w hen the  
Taylor and  Stowe factors were applied  to  th e  case with 0 >  65°. large d isco n tinu ­
ities in th e  re su l tan t  surface a lbedo  were o b ta in ed . As th e  so lar  zen ith  angle in the  
A rc tic  is large m ost of the  t im e  throughout th e  year, th e  t ra d i t io n a l  way o f using 
th e  Taylor and  Stowe factor for anisotropic  correction is not a p p ro p r ia te .
Ins tead  o f m ultip ly ing  the  T O A  albedo w ith  an  em p ir ica l  an iso trop ic  correc ­
t ion  factor, a n o th e r  m ethod  is em ployed based  on th e  a c c u ra te  RTM  descr ibed  
previously. T h e  m ethodology is to adjust th e  narrow band  surface  albedo  in th e  
m o del until th e  m odel s im u la ted  reflectance (forward ca lcu la t ion )  in this  b an d  at 
th e  T O A  is m a tch ed  with the  sa tellite  m easu rem en t .  O bviously , in this m e th o d ,  
we can avoid any  a t te m p ts  to m ake  aniso trop ical correction  a n d  a tm osph er ic  co r­
rec tion . but have to  assign the  unknown a tm osp h e r ic  variables in th e  RTM . such  as 
aerosol optical d ep th ,  the  a m o u n t  of ozone a n d  w ater vapor. N arrow band  a lbedos 
in A V H R R  channels  1 and 2 are  retrived individually , and  th e  b ro ad b an d  a lb ed o  is 
o b ta in e d  th rou gh  N TB  conversion, which n orm ally  consists o f  a  linear regression 
o f  th e  spectra l  surface albedos in AVH RR channels  1 and  2.
For th e  re trieval of narrow band  albedo, we first used th e  R T M  to g en e ra te  two 
look-up tab les v ia  forward calculations in channels  1 and  2. E ach  o f the  tab le  saves 
th e  reflectance a t  th e  TOA  for a  variety of a lbedo  values a n d  viewing geom etries .  
For a  given  v iewing geometry, th e  tables can be decreased to  an  a r ra y  of reflectance 
versus albedo, th en  for a given satellite  reflectance, the  n a r ro w b a n d  albedo  can  be 
easily  ob ta in ed  ("re tr ieved") by spline in te rpo la tion .
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3.2.2 Narrow-to-broadband (N TB ) Conversion
Surface b ro ad b an d  a lb e d o  represents t h e  fraction  of solar rad ia t io n  reflec ted  back 
to th e  sky. and  from  th e  definition it can  be expressed as follows:
E . ^ . E  F v i s  , Fx i r  , O th e r s  n  ( D _ D
0 = ——;— —  = Ot /5 - - + c i . \ [ R — — —  H— *  c t \ - i s  +  ts 2 *  c i . x iR  ~r t t 0E, F E, F, E, F E« F
Here.
=  =  (3.1)E, F E« F E,- F
w here F, is th e  d ow nw ard  rad ia t io n  in b an d  i .  F \ i s  and  F x i r  are  th e  d ow nw ard  
rad ia t ion  in visible a n d  n ea r  infrared (N IR ) .  a  is the  b ro a d b a n d  albedo, a n d  Q v /s  
and c i x i r  a re  the  n a r ro w b a n d  albedo  in th e  visible and n e a r  infrared , respectively. 
As th e  a lb edo  over s n o w /ic e  surfaces decreases  significantly  for w avelengths larger 
th a n  1.10 / /m . th e  las t  t e r m  Bo is sm a ll  a n d  can  be a ssu m ed  as a  con s tan t .
If we assum e th e  a lb edo  in the  v isib le  is close to the  a lb e d o  in A V H R R  channel
1 (0.5S-0.6S / ;m ).  a n d  th e  a lbedo in th e  near infrared is close to the  a lb e d o  in 
A V H R R  channel 2 (0.725-1.10 p m ) .  we can write:
Q  —  C( *  Q i  -f- C2 * C l2 +  Cq (3.2
Here.
C l = p u pt v i s F t  o l v i sF “p £ .  Fi a , Bi
C 2 = a.xiR£§ _FT " E ,F  a2[ R  F 2- -  *  ----- * B 2
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w here  F\ a n d  F2 a re  th e  dow nw ard  surface  irrad ian ce  in A V H R R  channels  1 and
2. F*p a n d  F2P a re  t h e  corresponding  upw ard  su rface  irrad iance .  a n d  a t and  a 2 
a re  th e  n a r ro w b an d  a lb ed o  values in channels 1 a n d  2. respectively .
A lth o u g h  Ci an d  C 2 are  com plica te  non-linear functions, as a n  app ro x im ation  
it can be a ssu m ed  as a  co n s tan t  for a  specific a tm o sph e re -su rface  cond it ion .  Then, 
t h e  b ro a d b a n d  a lb ed o  is rep resen ted  app ro x im a te ly  as a  l inear func tion  o f  spectral  
a lb e d o  in channels  1 a n d  2. T h e  physical m eaning  is clear. For e x am p le ,  the  co­
efficients C\  is th e  r a t io  o f downwelling solar i r rad ian ce  in ch an ne l  1 to  th e  total 
dow nw elling  solar i r ra d ia n ce  m ultip lied  by the  ra t io  o f  upw ard  i r rad ian ce  in the  
v is ib le  to  t h a t  in chan ne l  1. Obviously. C\  and  C'2 a re  functions  of real a tm o ­
sp h e r ic  cond it ions  a n d  surface op tica l  properties , e.g. sca tte r in g  a n d  absorp tion  in 
t h e  a tm o s p h e re  by aerosol, w ater vapor and  o th e r  t ra c e  gases, a n d  th e  reflection 
a n d  ab so rp t io n  a t t h e  surface. F rom  th is  derivation , we can  see th a t  C\  and C 2 
rep re se n ts  th e  degree  o f th e  rep resen ta tiveness  o f t h e  n a r ro w b a n d  reflectance to 
t h e  b ro a d b a n d  reflectance. Use o f two AVHRR channe ls  sh ou ld  give an  overall 
h ig h e r  accu racy  th a n  using one of th e m  to  e s t im a te  th e  b ro ad b an d  albedo.
F rom  th e  m e a su re m e n ts  m ad e  on th e  G reen land  ice sheet. Key (1996) ob ta ined  
t h e  following N T B  re la t ion :
o  =  0.0422S +  0 .661a ,  +  0.20Sa>. (3.3)
Based  on m e a su re m e n ts  for snow-covered ice in th e  east A n ta rc t ic  by Allison 
et al. (1993). Lindsay a n d  R oth rock  (1994) o b ta ined :
a =  0 .4 3 a  1 4- 0.4~ a2. (3.4)
O bviously , th e re  a re  large differences between N T B  conversion  coefficients de­
r ived  from  these  two different e x p e r im e n ts  over sn o w /ice  surfaces. T h e  difference
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between th e  above two X T B  conversions shou ld  be due to the  difference in su r­
face cond it ions  and th e  different a irm ass. If we ignore th e  variation of a irm ass .  
the  increase  o f  surface a lb edo  leads to the  increase  of the  downwelling shortw ave  
rad ia tion  b ecau se  th e  m u lt ip le  sca tte r ing  betw een  the  surface and  a tm osph ere  in­
creases w ith  th e  albedo. T h is  can be seen from eq. (4.14) because  the  d en o m in a to r  
decreases as  a lbedo  increases while th e  n u m era to r  keeps the  sam e. W ith  th e  m elt 
o f  sn ow /ice  surface, sp e c tra l  a lbedo  in channel 2 decreases m uch  more significantly  
than  in chan ne l  1. so change  of Fi is very sm all, whereas F2 decrease significantly, 
and  the  d ec rease  ra te  of £  F  1S sm aller  than  F2 bu t  larger th a n  F\. As the  ra t io  of 
the  upw ard  irrad iance  in th e  visible to  tha t  in channel 1 and  th e  upward irrad iance  
in the  X IR  to  th a t  in channel 2 is a lm ost a con s tan t ,  so C\  will increase a n d  C,  
will d ecrease  according to  eq. (3.2).
This e x p e c ta t io n  can be tes ted  using the  S H E B A  surface m easu rem ents .  O ver 
S H E B A . Perovich  et al. (1999) m easured  a lb edo  along a  survey line of 200 m 
covering sn o w /ic e  and  its  m e lt in g  progress. We took  the  average o f the  a lbedo along 
the  survey line, which is exp ec ted  to  represent th e  average condition  of th e  surface  
viewed by th e  satellite . Using th e  m easu rem en ts  of Perovich et al. (1999). we 
perfo rm ed  a  linear regression betw een the  b ro ad b an d  a lbedo and  spectral a lbedos 
centered  a t  0.63 /*m a n d  0.86 /.im during  M ay-A ugust.  1998 over SHEBA  to o b ta in :
a  =  O.oOloi -i-O.dOoQo- (3.5)
To e x a m in e  the  d ep end en ce  of the  coefficients after th e  onset of snow m elting , 
we m ade  l inear  regressions using th e  surface m easu rem en ts  d u r in g  Ju n e  20 - A ugust 
30. and  o b ta in e d :
o  =  0.007 +  0.542c*! +  0.340q 2. (3.6)
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F i g u r e  3.G  X T B  conversion  d e riv e d  from  S H E B A  d a t a  (P e ro v ic h  e t a l ..  L999) in  th e  p e r io d  fro m  M ay 
to  A u g u s t  ( u p p e r  panel) a n d  fro m  J u n e  20 to  A u g u s t  (low er p a n e l)  .
w here  th e  coefficient C\  is larger and  C’2 is sm alle r  t h a n  in eq. (3.5).
C o m p ariso n  of surface  m easu rem en t  o f  a lbedo  by Perovich  e t  al. (1999) with 
th e  a lb ed o  e s t im ated  by N T B  conversion is shown in F igure  3.6. A g ood  fit is 
o b ta in e d  for the  whole m e ltin g  season w ith  a  re la t ive  e r ro r  o f oc/e and  a  s ta n d a rd  
d ev ia t ion  of 0.04. As su rface  cond it ions  evolved from  dry  snow (A pr il-M ay )  to 
m e l t in g  snow (June  3) to  ea rly  m elt p on d s  (m id - la te  J u n e )  to fully d eve loped  melt 
p on ds  (Ju ly -A u gu s t) ,  th e  a lbedo  in chan ne l  2 decreases  significantly  a f te r  Ju ly  
20. so th e  con tr ibu tio n  of channel 2 to  th e  b ro a d b a n d  a lbedo  becom es sm aller .
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re su l t in g  in a s m a l le r  value o f C 2 for th e  N TB  conversion . As th e re  is only  a few 
m easu re m e n ts  by  Perov ich  et al. (L999) over th e  snow  surface b efo re  th e  melt 
o f  snow in J u n e ,  we used the  R T M  to  s im ulate  th e  sp ec tra l  a lbedos  in channels 
1 a n d  2 and th e  corresponding  b ro a d b a n d  albedo for a  series of rs . .st and  solar 
z e n i th  angle in t h e  A rc tic .  Using a  l inear regression we found the following relation 
b e tw een  the  n a r ro w b a n d  an d  b ro a d b a n d  albedo over th e  snow surface:
o = 0.001 -+• 0.434cti 4- 0.464q2. (3./ )
At the  top  o f  a tm o s p h e re  (T O A ) ,  th e  N TB  conversion  is as follows:
a = 0.045 +  0.304ai + 0.4S6a2. (3-8)
Figure  3.7 show s th e  difference betw een  the  b ro ad b an d  albedo o b ta in e d  d irec tly
from  th e  model s im u la t io n s  and  t h a t  derived th rou g h  th e  N TB convers ion  using
th e  m odel s im u la te d  n arrow band  a lbedos in A V H RR  channels I a n d  2 over snow 
surfaces. T h e  e r ro r  betw een  th e  m odel s im ula ted  b ro ad b an d  a lb e d o  w ith  th a t  
d e r ived  by N T B  is a b o u t  2%.  T h e  N T B  re la t ionsh ip  derived over snow  surface 
from  m odel is c lose to  th a t  over A n ta rc t ic  snow (L indsay  and R o th ro ck .  1994). 
M odel s im u la t ion s  also d e m o n s t ra te  th a t  w ith  increase  o f s t in snow. C \  increases 
a n d  C 2 decreases.
Using E R B E  b ro a d b a n d  and  A V H R R  narrow band  d a t a  over sn o w /ic e .  Li and  
L eigh ton  (1992) g o t  th e  N T B  conversion  at the  T O A  as follows:
a  = 0.0453 +  0.389a! -f 0.452a2. (3.9)
T h e  N T B  coefficients a t  th e  T O A  derived  from our m odel s im u la tions  a r e  different 
from  those o b ta in e d  by Li and Leigh ton  (1992). T h e  d isag reem en t betw een  th e
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F i g u r e  3 .7  B ro a d b a n d  a lb e d o  a n d  th e  N T B  re la tio n s  over snow  su r fa c e s  (u p p e r  p a n e l)  a n d  a t  th e  T O A  (lo w er p a n e l) .
various N T B  conversion coefficients im plies th a t  c u r re n t  p ro du c ts  o f  b ro ad b an d  
a lbedo  from sa te ll i te  d a t a  based on the  use of a un ifo rm  N T B  conversion  coefficients 
in th e  polar regions m a y  result in large uncerta in ties .
3.2.3 Uncertainty and Sensitivity Analysis
Lindsay  and  R oth rock  (1994) poin ted  o u t  th a t  sp a rse  d a ta  on aerosols, ozone, 
an d  w a te r  vapor in th e  a tm ospheric  co lu m n  c o n tr ib u ted  u n c e r ta in ty  in th e  a lbedo
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of 0.13. 0.04 and  0.08 respectively, b u t  u nce r ta in tie s  in m o n th ly  average albedos 
were not th is  large. C on tem po ran eou s  e s t im a tion  o f these  variables could reduce 
the  u n c e r ta in ty  in th e  e s t im a te d  a lbedo  considerably, b u t  re trieval o f  aerosol over 
sn o w /ice  surface from  A V H R R  is very difficult. O n ly  w a te r  vapor d a t a  a re  available 
from th e  sound ing  profile, so we exam in ed  the  effects o f  using  such profile on the  
re trieval of a lbedo  from the  RTM . F igure  3.8 shows th e  reflec tance  of channels 1 
and  2 as a  function  of surface albedos for two different a tm o sp h e r ic  profiles. T he  
h igher th e  a lbedo, th e  larger th e  difference using su m m e r  a n d  w in te r  profiles. T h e  
influence of using different a tm osph e r ic  w ater vapor profiles is m uch  sm aller in 
channe l 1 th an  channe l 2. and  for surface a lbedo  values be tw een  0.5 and  0.8. the  
difference in channel 1 is less than  59c. bu t  for channel 2. th e  difference is abou t 
15-25%. So. use o f  real sound ing  profiles helps im prove  th e  precision of a lbedo 
re trieval for channe l 2. C om parison  of th e  re trieved  sp ec tra l  a lbedo  in channels 1 
and  2 w ith  th e  a lb edo  used to  ca lcu la te  the  reflectance in these  two channels is 
show n in F igure 3.9. T h e  re tr ieved  albedo  erro r  for an  a ssu m ed  ±  5% e rro r in th e  
re flec tance  in channels  I and  2 is also shown in this  figure. For ±  5% e rro r  in the  
re flec tance  in channels  1 and  2. the  e rro r  in th e  re tr ieved  a lb ed o  is a b o u t  109c and  
7% for channels 1 a n d  2 correspondingly , and  only  w hen th e  a lbedo  is sm aller th a n  
0.1. does th e  e rro r  becom e a  lit t le  larger.
3.2.4 Effects of Snow Bidirectional Reflectance
To e x a m in e  th e  effect o f  b id irectional snow reflectance on th e  re trieval o f  albedo, 
we co m p a re d  the  m odel s im u la ted  narrow band  a lbedo  over a  snow surface w ith  
th a t  re tr ieved  from our a lbedo  retrieval a lg o ri thm , in which a  L am bert  surface is 
used.
R eflec tance  in chan ne ls  1 and  2 a re  com p u ted  via forw ard c o m p u ta t io n s  using
88
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F i g u r e  3 .8  S im u la te d  re flec tan ce  fo r A V H R R  ch an ne ls  1 ( u p p e r  p a n e l)  a n d  2 ( lo w er p a n e l)  a s  a  fu n c tio n  o f  s u r fa c e  a lb e d o  fo r  d iffe ren t a tm o sp h e r ic  p rofiles, for So =  6 0 ° . S =  10° a n d  o - 50° .
t h e  R T M  for th e  coupled  snow -a tm osphere  s y s te m  for a series o f rs and  s t . W ith  
th e se  reflectances as inpu ts  to o u r  a lbedo re tr ieva l a lg o r i th m , we ob ta in ed  th e  
re tr iev ed  a lbedo  over the  snow surface. T h e  corresponding  " t ru e  a lbedo" values 
o f  th e  snow surfaces were ca lcu la ted  d irec tly  from  th e  forward sn ow -a tm o sph ere  
ra d ia t iv e  tran s fe r  m odel as the  ra t io  of upw ard  irrad iance  to  d ow nw ard  ir rad ian ce  
a t th e  snow surface. C om parison  of the  n a r ro w b a n d  re tr ieved  albedos w ith  the  
" t r u e ” a lbedos a re  shown in F igure  3.10. O n  average, th e  n a rro w b and  a lb edo  
in channels  1 (u p p e r  panel) is o ve re s t im a ted  by 6% when 0 =  10°. o  =  50°.
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F i g u r e  3 .9  E r r o r  o f  th e  re tr ie v e d  n a rro w b a n d  a lb ed o  fo r  AV H R R  ch an n e ls  I (u p p e r  p a n e l)  a n d  2 (low er p a n e l)  fo r a n  u n c e r ta in ty  o f ±  5%  in sa te ll i te -m e a su re d  rad ia n ce .
an d  o ve re s t im a te d  by 18% when 6 — 30“. o  =  150°. On th e  o th er  h a n d ,  when 
0 =  10“ . o  =  50°. th e  n ar ro w b and  a lbedo  in channels 2 (lower pane l)  is only  a 
l i t t le  o ve re s t im a te d  for low a lbedo  bu t a  l i t t le  u nd e re s t im a ted  for h igh  a lbedo . 
W hen 0 =  30°. o  =  150°. th e  a lbedo  in channe l 2 is o v e re s t im a ted  by 14%. As the  
an iso tro p ic  fac to r becom es larger for larger view and az im u th a l  angles (see  F igure  1. 
Han et al.. 1999). the  effect o f  snow b id irectional reflectance leads to t h e  re flec tance  
in channe ls  1 and  2 to  be larger for snow  surface th a n  for L a m b er t  reflector. 
T h u s  th e  re tr ieved  a lb ed o  in channels 1 a n d  2 will be  o v e re s t im a ted .  F rom  our
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F i g u r e  3 .1 0  C o m p a riso n  o f  th e  re tr iev e d  n a rro w b a n d  a lb edo  in  ch an n e ls  1 (u p p e r  p a n e l)  a n d  2 (low er p an e l) w ith  th e  a c tu a l  sn o w  su rfa c e  a lb ed o  fo r  0 =  10°. o  =  50 ° . a n d  fo r 0 =  30°. o  =  150° .
calcu la tions, we also have found t h a t  the  albedo in channels 1 is o v e res t im a ted  by 
9% when 0 =  10°. o  =  150°. w hereas the  a lbedo in channels 2 is ove res t im a ted  
by 3%.  From these calcu la tions, it can  be concluded th a t  when th e  view angle is 
small (0 < 10°). the  u nce r ta in ty  in th e  retrieved b ro adband  a lbedo  is abou t 5c/f 
if the  effect of b id irec tiona l reflectance is not considered , but it can  be as high 
as 15~20%  for 0 =  30°. In our analysis  of S H E B A  d a ta ,  only th e  n ea r  overhead 
passes w ith  small view angles a re  chosen, so o u r  a lbedo  retrieval e rro rs  due  to 
ignoring the  snow b id irec tiona l reflectance effects a re  less than  5 ~ 1 0 % .
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3 .3  A p p lica tio n  an d  R esu lts
3.3.1 Seasonal Variation of Surface Albedo over SH E B A  
and its Comparison with Surface Measurements
For validation  purposes, we use t h e  surface a lbedo  m easu red  a t  S H E B A  (P e ro v ich  
et al.. 1999). As p a r t  of the  ice-albedo feedback s tud ies  d u r in g  S H E B A , sp ec ­
t ra l  and  w ave leng th -in teg ra ted  a lbedos were m easu red  a t  least weekly every  2.5 m 
along  a 200-m  su rvey  line from A pril  through O c to b e r .  From  J u n e  th rou gh  A u g u s t ,  
a lbedo  m e a su re m e n ts  were m ad e  every  o ther day. A lbedos in te g ra te d  from 300 to 
3000 nm were m easu red  using a  K ip p  .k: Zonen a lb ed o m e te r .  S p e c tra l  a lbedos from  
300 to 2000 n m  were m easu red  using  a S pec tron  E ngineering  SE-590 sp e c tro ra -  
d iom eter .  A lbedos  were accu ra te  to  within ±  0.01 (Perovich  e t  ah . 1999). In th e  
beg inn ing  o f th e  m easu rem en ts ,  t h e  survey line was com ple te ly  snow -covered, b u t  
w ith  the  o nse t  of m e l t in g  surface conditions evolved from d ry  snow (before  M ay) 
to  m elting  snow  (early  June )  to  ea r ly  melt ponds (la te  J u n e )  to fully dev e lo p ed  
m elt  ponds (m id d le  o f Ju ly ) .
F igure  3.11 shows the  varia tion  o f  observed a lbedo  a long  th e  line for M ay  11. 
M ay 25. J u n e  25 and  Ju ly  23. 1998 over S H E B A . On M ay 11 a n d  M ay 25. th e  
surface a long  th e  line is still snow covered, so a lb edo  is s ta b le  a long  the  line. W ith  
th e  o ccu rren ce  of m e lt  ponds a long  th e  line ( J u n e  25). th e  a lb edo  becam e sm a l le r  
an d  also varied  a long  th e  line, b u t  the  am p li tu d e  o f  the  v ar ia t ion  is sm all. B y  J u ly  
23. the  p on d s  had  fully developed , and  the  a lb edo  decreased  fu r th e r  w ith  large 
varia tion  a lo n g  th e  line. Generally , the  a lbedo shows a  g ra d u a l  evolution  d u e  to  
seasonal t ra n s i t io n s  an d  a b ru p t  sh if ts  resulting  from  sy nop tic  w ea th e r  even ts .  A 
pronounced  d e c re a s e o f  spectra l  a lb ed o  in m elt ponds d u r ing  s u m m e r  was o b se rv ed  
by Perovich e t  al. (1999). T h e  p o n d  albedo is d o m in a te d  by th e  s c a t te r in g  p rop-
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F i g u r e  3 .1 1  V a ria tio n  o f  m e asu re d  s u r fa c e  a lb e d o  a lo n g  th e  s c a n  line in d iffe ren t d a te  ( d a t a  is ta k e n  
fro m  P erov ich  e t  a l. (1 99 9 )) .
e r t ie s  of the  und e r ly in g  ice b ecau se  th e  s c a t te r in g  of the  und e rly in g  ice has th e  
g rea te s t  influence on the  a lb edo  from  400 nm  to  600 nm . w here  th e  p on d  w a te r  
is m ost t r a n s p a re n t .  From 400 n m  to  600 nm  ligh t pond a lbedos  were 0.2 to  0.25 
larger th an  d a r k  pond  values, d esp i te  no ap p rec iab le  difference in th e  p o n d  w a te r  
d e p th  betw een  th e  light and  d a rk  pond. Spec tra l  albedos m easu red  a t  th e  b a r e  ice 
s i te  on  12 days  betw een  7 .July a n d  12 A ugust shows th a t  over w h i te  ice th e  a lb e d o  
a t  a p a r t ic u la r  wavelength never  varied by m o re  th a n  0.1 d u r in g  th is  five-week 
per iod , and  th e  a lbedo  over b a re  ice f luc tua ted , r a th e r  th a n  show ing  a  s y s te m a t ic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0 . 2 -
S u rfa ce  M e a su r e m e n t  
R etr ieva l  f r o m  AVHRR
0 .0  : ■ ' ■ ■
100 150 20 0  250J u l ia n  Days
F i g u r e  3 .1 2  C o m p a riso n  o f su rface  a lb e d o  re tr ie v e d  from  A V H R R  w ith  th e  S H E B A  su rfa ce  m e a s u re ­m e n ts .
dow nw ard  t re n d  as it does over th e  melt pond . T here  was a p p ro x im a te ly  60-70 
cm  of surface a b la t io n  in th e  su m m er.
A V H RR  d a t a  for retrieval of a lbedo  is chosen from one o r  two passes of X O A A - 
14 per day over SH E B A  d ur ing  April to  A ugust.  199S. B ecause  no post-launch  
ca lib ra tion  o f A V H R R  channels 1 and  2 on XOAA-12 is availab le . A \  H R R  on 
XOAA-14 is used. Revised ca lib ra tio n  to  XOAA-14 A V H R R  in 1999 (R ao  an d  
C hen . 1999) is used instead o f th e  ca lib ra tion  in 1996. O u r  independen t  s tu d y  
found the  e r ro r  on th e  post-launch  ca libra tion  in 1996. w hich  will be d iscussed
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in C h a p te r  5. O bse rv ed  surface a lbedo  from Perov ich  et al. (1999) is used to  
e va lua te  the sa te l l i te  retrieval o f  a lbedo. T he  resu lts  a re  show n in F igure 3.12. 
Obviously, sa te l l i te  re trieval has c a p tu red  the  seasonal varia tion o f  th e  a lbedo, b u t  
it has missed som e o f  the  a b r u p t  shifts in a lbedo d u e  to  synop tic  w ea th e r  even ts ,  
for exam ple  snow p rec ip ita t io n ,  which leads to  th e  increase o f a lb ed o , and ra in  
p rec ip ita t io n , which leads to  th e  decrease  of a lbedo  when dry  snow  becomes w et. 
T h ese  albedo differences when th e  spikes occurred  a re  u n d e rs ta n d a b le  because o f 
the  m uch  larger sp a t ia l  coverage o f  the  sa tellite , an d  because th e  syno p tic  process 
is a lw ays of l im ited  tem po ra l  a n d  spa tia l  coverage. Also a lbedo  retrieval is not 
availab le  while th e  surface is obscu red  by clouds, a n d  m is-identif ica tion  of c lea r  
sky will lead to  so m e e rro r  in th e  a lbedo  retrieval. In view of th e  large varia tion  
of a lbedo  in th e  su rvey  line (100 m ) .  th e  difference betw een  sa te l l i te -re tr ieved  a n d  
su rface -m easu rem en t  a lbedo  is q u i te  reasonable. T h e  agreem ent is re la tively  worse 
in A ugus t.  Large varia t ion  of a lb ed o  in A ugust, d ue  to  developed p on ds  and leads, 
re su lting  in a very inhom ogeneous surface, is th e  reason  for the  d isag reem en t.
3.3.2 Correlation of Surface Albedo and Surface Temper­
ature
To exam in e  th e  corre la tion  be tw een  th e  surface t e m p e ra tu r e  a n d  th e  a lbedo, th e  
tech n iq ue  of Key e t  al. (L997) b ased  on the  th e rm a l  channels o f  A V H R R  is used  
to  e s t im a te  th e  su rface  t e m p e ra tu re .  T h e  average te m p e ra tu re  versus the  a lb edo  
d u r in g  the  season is shown in F ig u re  3.L3. W ith  th e  increase o f  su rface  t e m p e r ­
a tu re .  albedo ten d s  to  decrease , b u t  the re  is l i t t le  corre la tion  d u r in g  the whole  
m e l t in g  season. L indsay  and  R o th ro ck  (1994) found  th a t  surface a lb edo  and s u r ­
face te m p e ra tu re  a re  co rre la ted  m ost s trongly  in M arch  with l i t t le  corre la tion  in 
th e  sum m er.
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F i g u r e  3 .1 3  R e la tio n  o f sa te llite  r e tr ie v e d  a lb ed o  v e rsu s  s u r fa c e  te m p e r a tu r e  .
3 .4  D isc u ss io n  and  S u m m ary
Two a lg o r i th m s  to  re tr iev e  th e  r 3 and  its  m ass f rac tion  o f  soot, and  th e  b ro ad b an d  
a lbedo  w ere  developed  a n d  applied  to  A V H R R  d a t a  o b ta in e d  be tw een  A pril  and  
A ug us t.  199S over the  S H E B A  Ice C a m p .
In th e se  a lg o r i th m s , channels 1 a n d  2 were used  to g e th e r  to  re t r ie v e  snow 
gain  size a n d  soot, or b ro a d b a n d  a lbedo . T h e  erro r s t e m s  m ain ly  from  th e  sa te l l i te  
m e a su re m e n ts .  A ±  o% u n ce r ta in ty  in th e  sa tell ite  m e a su re d  reflec tance  in channel
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1 a n d  2 resu l t  in an  u n ce r ta in ty  in th e  re tr ieved  rs and  s t o f  a b o u t  200% for new 
snow  whose r s is sm all. For o ld  snow w ith  large r s . the  e rro r  is m ore th a n  50%. 
R etr ieval  o f  a lb ed o  is not so sensit ive  to th e  e r ro r  in the  sa te l l i te  m easu rem en t .  A 
±  5% u n c e r ta in ty  in the  sa te l l i te  m easu rem en t results in an  a lbedo  u n c e r ta in ty  of 
ab o u t  10%.
T h e  effect o f  w a te r  vapor on  th e  sa te ll i te -m easu red  rad ian ce  in channel 2 is 
significant. Use o f th e  subarc tic  su m m e r  a tm o sph e r ic  profile in s tead  of th e  w in te r  
profile could lead  to  a  40% difference in re flec tance  over snow surface. So use of 
in s ta n ta n eo u s  sound in g  profiles is im p o r ta n t  for retrieval of snow p ropert ies  o r the  
re tr ieva l o f  n a r ro w b a n d  a lbedo  in channel 2. T h e  u n ce r ta in ty  resu lting  from  th e  
lack of know ledge o f  aerosol is a b o u t  5%. in th e  Arctic .
For d ifferent surface cond itions th e  N T B  coefficients a re  q u i te  different. W ith  
th e  m elt o f  snow , th e  channel 1 coefficient increases while th e  channel 2 coefficient 
decreases. Use o f different N T B  conversions m ay  result in a  b ro ad b an d  a lb edo  
u n c e r ta in ty  o f  a b o u t  10-15%. T h e  conversion coefficients d ep en d  on bo th  th e  a t ­
m osphe re  a n d  surface  physical conditions, so different N T B  conversion coefficients 
shou ld  be used  u n d e r  different c ircum stances . T hese  coefficients can be o b ta in e d  
from  surface  m easu rem en ts .
For th e  re tr iev a l  o f  albedo over snow surface, th e  use of th e  L am b er t  a ssu m p tio n  
is not a p p ro p r ia te .  For 0 < 10°. th e  error in th e  a lbedo  is less th a n  5-10%. b u t  for 
0 >  30° an d  large  az im u tha l  angles , th e  e rro r  in th e  a lbedo is significant d ue  to  the  
large  b id irec t ion a l  reflectance. T h is  is the  reason  th a t  we chose the  near-overhead  
passes of A V H R R  for analysis.
C o m p ariso n  o f  th e  A V H R R -re tr ieved  surface  a lbedo  from A pril to  A ug us t.  199S 
over S H E B A  w ith  SH E B A  surface  m easu rem en ts  shows th a t  th e  sa tellite  re tr ieva l 
is in good a g ree m e n t  with su rface  m easu rem en ts .  M inor differences be tw een  th e m  
a rc  due  to  th e  difference in sp a t ia l  coverage, and  the  large varia tion  in su rface
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albedo d u e  to the  deve lopm ent of m elt  ponds and  leads. Failure to d isc r im in a te  
th in /c i r ru s  cloud from snow surface m ay  lead to a  significant e rro r in a lbedo  re­
trieval. W ith  th e  dep loym ent o f new sensors, such as M ODIS and  GLI. m uch  m ore  
channels becom e available. New channels, such as th e  1.38 /.im channel o f M OD IS 
are expec ted  to  improve th e  d isc r im ina tion  of ice clouds and  to  im prove th e  a lbedo  
retrieval over snow surface.
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C hapter 4
R etrieval o f  C loud O ptical 
T hickness from  S H E B A  
G round-B ased  Irradiance  
M easu rem en ts
4.1  In tro d u ctio n  o f C lo u d  P a ra m eter iza tio n
C louds have a m a jo r  im p ac t  on w ea th e r  and  c lim ate  by influencing th e  rad ia ­
tive  p ro pe r t ie s  such as shortw ave  a lbedo , infrared  em ission, and  a b so rp t io n .  High 
c louds a re  generally  th o u g h t  to w arm  th e  e a r th -a tm o sp h e re  sys tem  w hile  low clouds 
cool it. However, th e  effect o f  clouds on th e  c lim ate  is still one  of the  b iggest u nce r­
ta in t ie s  in th e  s tu d y  o f  c l im a te  change (see for exam ple  IP C C . 1990). O n e  reason 
is th e  large tem po ra l  a n d  spa tia l  var ia tion  o f cloud m icrophysica l a n d  rad ia t iv e  
p ro pe r t ie s .
O f  all cloud variab les, c loud optica l d e p th  and  effective cloud p a r t ic le  size are 
th e  m ost im p o r ta n t  ones d e te rm in in g  th e  rad ia t ive  p ro pe r t ie s  (see for exam p le .
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X ak a jim a  a n d  King. 1990: Slingo. 19S9: Hu an d  S ta m n e s .  1993: Hu and  S ta m n e s .  
2000). T h e  cloud optica l p roperties  n eeded  for ra d ia t iv e  t ran s fe r  ca lcu la t io n s  a re  
th e  vo lum e ex tinc tion  coefficient 3ext. th e  single s c a t te r in g  a lb edo  and  th e  a s y m ­
m e try  fac to r  g. For w a rm  clouds consis t ing  o f  spherica l cloud d rop le ts ,  t h e  liquid 
w a te r  co n ten t  and  th e  equ iva len t  rad ius ( r , ) a re  the  tw o  m ost im p o r ta n t  c loud  m i­
crophysica l param ete rs  influencing th e  ra d ia t iv e  p ro pe r t ie s  (Slingo. 1989). Also, it 
was found th a t  the c loud  optica l p ro pe r t ies  depend  a lm o s t  exclusively  on eq u iv a ­
lent rad ius  and  liquid w a te r  con ten t,  a n d  a re  insensitive  to  th e  de ta ils  of t h e  drop  
size d is t r ib u t io n  (Hu a n d  S tam nes. L993: Slingo. 1989).
T h e  c loud  effective rad iu s ,  or equ iva len t  rad ius ( r e. in p m )  is defined as:
_  n { r ) r 3dr
fo n ( r ) r - d r
w here  n ( r )  is the  cloud d ro p le t  size d is t r ib u t io n ,  and  r  is th e  rad ius.
T h e  liqu id  w ater c o n ten t  ( L W C .  in g  ■ c m ~ 3) is defined  as:
A—pL W C  =  - d i p -  f "  n { r ) r3dr.  (4.2)3 Jo
w here  p,L. (g  ■ cm  3) is t h e  density  o f w a te r .
T h e  vo lu m e  ex t inc t io n  coefficients is:
3 ext = ~ [  n ( r ) r 2Q fXt( r ) d r . (4.3)Jo
w here  Q rxt is the  ex t in c t io n  efficiency fac to r. For sh o r tw ave  rad ia t io n ,  th e  d ro p le t
size is m u ch  larger th a n  th e  wavelength ( ^  I), so we can  tak e  Q KXt ~  2 as a
good ap p ro x im ation .  C o m bin in g  the  above  th ree  eq u a t io n s ,  we find:
=  h . »
C’loucl o p tica l  d ep th  ( r )  is the op t ica l  p a th  in the  ver tica l  d irec tion .
r  =  r  3 ex(d=. ( 4 .0 )J~ i
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w here  ci is th e  height o f cloud base and  z2 is th e  height of c loud  top . T he  liquid 
w a te r  p a th  (LVVP) is s im p ly  L \ V P  — L \ V C ( z 2 — - i )  if the  L W C  is a ssum ed  to  be 
in d ep en d en t  o f r .  C om bin ing  the  above two equ a tio ns ,  we get:
( i 6 )
2/v.r,
F rom  this s im p le  re la tion , r  is p roportional to  LVVP a n d  inversely  p roportional to  
r r . T hus  we can  e s t im a te  r e if r  is re trieved  and  L W  P  can be m e a su re d  using, for 
e x am p le .  M icrowave R ad iom ete r  (MVVR) da ta .
In th is  thesis  we used a  more general and a c cu ra te  p a ra m e te r iz a t io n  re la tionsh ip  
for w a te r  clouds. Hu a n d  S tam nes (1993) showed th a t  the  single sc a t te r in g  a lbedo  
u.-. th e  ex t in c t io n  coefficient 3ert. and  th e  a sy m m e try  factor g  c a n  be described in 
t e rm s  of th e  c loud d rop le t  effective radius r e and  th e  liquid w a te r  con ten t  L W C  
as follows:
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6 1 . 1 1 —\—  a l r c +  Cl - (~b I )L W C
1 — a.' =  a>r (2 +  c2- (-1.S)
g =  +  C3 . (4.9)
T h e  coefficients, a,.  6, and  c, are w aveleng th -dependen t.  For t h e  ta b le  of coeffi­
c ien ts . see Hu and  S tam n es  (1993).
As ice c louds con ta in  almost exclusively nonspherica l ice c ry s ta ls  of various 
sh apes ,  such as bulle t rosettes, p la tes , and  co lum ns, the  p a ra m e te r iz a t io n  re la­
tio n sh ip  is q u i te  different. From th e  p a ram ete r iz a t io n  of Fu a n d  Liou (1993). a
m ean  effective size D e representing  an  area-w eighted  m ean c ry s ta l  w id th  is used to
acco un t  for th e  ice c ry sta l  size d is tr ibu t ion  w ith  respect to ra d ia t iv e  calcu la tions, 
as follows:
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D * D L n ( L ) d LD e =  ----------------— —  (4.10)J £ r  D •  Ln(L)dL '
where D  is th e  w idth  o f  an  ice crystal, an d  n ( L ) d en o tes  th e  ice c ry s ta l  size 
d is tr ib u tion .
For ice clouds, the  e x t in c t io n  coefficient div ided by ice w ate r  conten t (IW C ) 
and  the  s ing le-sca tte ring  a lb edo  can be p aram ete rized  us ing  polynom ials  in te rm s 
of the  m e a n  effective size (Fu  an d  Liou. 1993) as follows:
.v3 ext =  I W C  Y L a n /D * .  (4.11)
n = 0
Vi - ^  =  j > n/ D e\  (4 . 12)n=0
Finally, th e  m om en ts  o f  th e  phase function  m ay be  d e te rm in ed  in a  sim ilar  
fashion:
< 7 = £ c n /T>e". (4.13)
n = 0
where a n. bn a n d  cn are c e r ta in  coefficients, which m u st  be d e te rm in ed  from  nu­
merical fi t t ing . .V is th e  to ta l  num ber of te rm s  required  to  achieve a p rescribed  
accuracy. T h e  coefficients a re  provided by Fu and  Liou (1993).
G enerally , global d is t r ib u t io n  of cloud optica l th ickness  r  comes largely from 
the  In te rn a t io n a l  Sate lli te  C lim atology P ro jec t  (ISCC’P )  (Rossow 19S9: Rossow 
and Schiffer. 1991). In th e  ISCC’P analysis, visible rad ian ces  are used to  infer 
cloud op tica l  th ickness a ssu m in g  the effective radius to  be 10 f im  (Rossow et ah. 
1991). Such  an  assu m p tio n  leads to 15% - 25%  error in op tica l  thickness for w ater 
clouds (Rossow et al.. 1991: X akajim a and  King. 1990: Han et al.. 1994). and 
the  e rro r  is larger for ice c louds and over th e  polar regions. Long-record g round- 
based m e asu rem en ts  of incom ing  solar ir rad iance  provide a n o th e r  o p p o r tu n i ty  to
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derive th e  cloud o p t ica l  thickness from  the  downw elling shortw ave so lar  rad ia t io n  
(D SSR ). T h is  m e th o d ,  which uses t h e  t r a n s m i t ta n c e  o f rad ia t ion  to  derive th e  
optica l th ickness , was developed by Leontyeva an d  S tam n es  (1994: 1996). a n d  
successfully  used by M in and  H arrison  (1996) and B a rk e r  e t  al. (1998).
In th is  ch ap te r ,  an  a lgo ri thm  to  infer cloud op t ica l  d ep th  from g ro u n d -based  
m easu re m e n ts  is briefly described a n d  app lied  to get th e  seasonal v ar ia t ion  of c loud  
optica l d e p th  using th e  SH EB A  P recision  Spectral P y ra n o in e te r  ( P S P )  m easu re ­
m ents.
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4.2 R e tr iev a l M eth o d
A m e th o d  s im ilar  to  t h a t  used by Leontyeva and  S tam n es  (1994) a n d  B ark er  
et al. (1998) was em p lo yed  to derive  c loud  optical th ickness  from  g ro u n d -b ased  
m e asu rem en ts  o f th e  irrad iance  of th e  D SSR. To avoid t im e-co n su m in g  roo t-find ing  
i te ra t ion s  o f  th e  ra d ia t iv e  transfer e q u a t io n  for each sp e c t ra l  interval a n d  adm iss ib le  
observa tion  to solve for r .  an  approach  developed by S ta m n e s  ( 19S2) was em ployed  
in this  m e th o d .  W ith  th is  efficient c o m p u ta t io n a l  a lg o r i th m , look-up tab les  w ere  
g en e ra ted  of spec tra l  t r a n s m i t ta n c e  Tj (Tj . f.i0- =  0). one  for each o f th e  24 b an d s
in th e  so la r  sp e c t ru m  (0.25-4.0 y/m) a t  several values o f  p 0. for c louds over a 
nonreflecting  surface  ( o s =  0). S p ec tra l  a tm osp h e r ic  spherical a lbedos  a j  for 
upwelling rad ia t io n  were also c o m p u ted  a n d  stored in th e  look-up tab les .
T h e  sp ec tra l  a tm o s p h e r ic  t r a n s m i t ta n c e  for a specific a lbedo  a s w ere ca lcu la ted
as:
t w  \ Tj(  i j . j.iq. ct s 0 )  i - i i i  c i i n
T j { ~ j .  f j . Q . c t s ) =  — — ------------ — -------- { j  =  1. 2 4 ). ( 4 . 1 4 )1 -  a sa :
This expression  is e x a c t  for a L am b er t  surface  with a lb e d o  a s.
Using th e  sam e  a tm o sph er ic  m ode l  a n d  the  ra d ia t iv e  transfer m odel D IS O R T  
as d iscussed  in Section  1.5. we c o m p u te d  th e  spectra l  t r a n s m i t t a n c e  over a  "b lack  "
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
surface  Tj (Tj . g 0. a s =  0) for 165 cosines o f th e  solar zen ith  angle  g 0 w ith  equal 
in tervals  (in th e  range of 0-80°) an d  52 values of r  of unequal intervals in range 
o f 0 to 100 for each  of the 24 b an d s .  T he b a n d  t r a n s m i t ta n c e  is ap p ro x im ated  as 
a w eighted  su m  of th e  "m onochrom atic"  t r a n s m i t t a n c e  in all th e  sub-bands  used 
to  a p p ro x im a te  th e  gaseous abso rp t ion  in each  o f the  24 ban ds  as explained  in 
Section  1.5. As th e  spectral  d is tr ib u t io n  of so lar  irrad iance  at th e  T O A  is known, 
th e  t r a n s m i t ta n c e  o f solar rad ia t io n  can be w eighted  and  su m m e d  to p roduce  a two­
d im ensiona l  t a b le  of the b ro ad b an d  solar i r rad ian ce  at th e  surface as a function 
of r  and  go for a  given albedo. Given th e  go  an d  the  su rface  m easu rem en t  o f 
irrad iances . it is easy  to re trieve r  th rough  in te rpo la tion  in th e  2-D table.
M odel s im u la tions  show th a t  t r a n s m i t te d  so lar irrad iance  is not very sensitive 
to cloud effective radius, but th e  DSSR for a  low albedo surface  is m ore sensitive 
to  equivalen t rad iu s  than  for a  brigh t sn ow /ice  surface (Leontyeva and  S tam nes. 
1994). As the  a lbedo  is large over snow /ice  surface, the  re trieval o f  r  from th e  
downwelling so la r  rad iation  is a ccu ra te  in th e  po lar regions. T h e  cloud effective 
rad ius  used in o u r  retrieval is 7 g m .  th e  sa m e  as tha t  used by Leontyeva and  
S ta m n e s  (1994).
4 .3  U n certa in ty  A n a ly sis
A ccord ing  to th e  analysis of Leontyeva and  S ta m n e s  (1994). th e  retrieval m e tho d  
i tse lf  leads to u n ce r ta in ty  in th e  e s t im a te d  r  t h a t  is sm aller th a n  1 for r  <  10. and  
sm a lle r  than  3 for r  <  20. Lack o f in s tan tan eo u s  m easu rem en ts  of aerosol op tica l 
dept h and  p rec ip itab le  w ater could  result in u n ce r ta in ty  of 10% in th e  re trieved  r.
Model s im u la t ion s  show th a t  for a 5% e rro r  in the  p y ran o m e te r  m easu rem en t ,  
th e  u n c e r ta in ty  in th e  e s t im ation  o f r  is sm a lle r  th a n  2 for a  sm all surface albedo. 
T h e  u n c e r ta in ty  is abou t 3-4 u n d e r  the  cond it ion  of high a lbedo , large solar zen ith
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angle and  large op tica l  thickness. By com parison, cloud optica l d e p th  retrieval 
from sa te l l i te  d a ta  is also uncerta in . For a 5% error in sa te ll i te -m easu red  reflectance 
at 0.75 / im . the  e rro r  in the  retrieved r  m onotonically  increases as r  increases, 
from a b o u t  10% at r  =  5 to more than  50% at r  =  50 (N aka jim a  and  King. 1990: 
Leontyeva and  S tam nes. 1994). So r  re trieved  from ground-based  m easu rem en ts  
may be m ore  reliable th a n  th a t  derived from satellite  data .
As th e  DSSR d ep end s  on the  surface albedo, u nce rta in ty  in the  a lbedo  is a n ­
o ther  source of u nce r ta in ty  for the  retrieval of r.  F igure 4.1 shows th e  u n ce r ta in ty  
of th e  re trieved  r  as a  function of cloud optical d ep th  and  the  surface albedo for 
4-5% unce rta in ty  o f  a lbedo  a t  solar zen ith  angle 5 0 For  a high a lb edo  o f  0.7. th e  
error in r  is less th a n  10% . and  for an a lbedo  of 0.45. the  e rro r  is a b o u t  5%.
4.4 A p p lica tio n  and R esu lts
4.4.1 Data
DSSR m easured  at S H E B A  will be used to  retrieve r  if the  solar zen i th  angle is 
sm aller th a n  76° because  at solar zen ith  larger than  this value, th e  signal is too  
small and  therefore unreliab le . Hourly m ean  values of DSSR were used to  re trieve 
the  average cloud o p tica l  d ep th  for th is  hour in o rder  to avoid th e  presence o f 
broken clouds, cloud developm ent a n d /o r  dissipation. W hen th e  m easu red  DSSR 
is larger th a n  the  m odel-sim ulated  DSSR under clear sky condition , o r  th e  re trieved  
r  is sm a lle r  than  1. we do not a t te m p t  a  retrieval because then  e i th e r  th e  sky m ay  
be clear or the  u n c e r ta in ty  in the  re trieved  r  will be very large.
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F i g u r e  4 .1  L:n c e r ta in t \ '  o f  re tr ie v e d  r  fo r  a  +59c e r ro r  in  su rfa c e  a lb e d o  (A s) o f  0 .4 5  a n d  0 .7  u n d e r  th e  
c o n d itio n  of Oo =  5 0 ° . .
4.4.2 Characteristics o f r over SH E B A
W ith  the  increase  o f effective rad ius, both  t h e  abso rp t io n  and  forw ard  sca tte r ing  
by cloud d rop  increase (decrease  o f and  increase  o f  g). Increase  o f the  cloud 
absorp tion  re su l ts  in a  decrease  o f the  downwelling  irrad iance . w hereas an increase 
o f forward s c a t te r in g  by c loud  d rople t re su l ts  in an  increase o f t h e  downwelling 
irrad iance . D ue  to  these  two opposite  effects, th e  downwelling rad ia t io n  is not 
sensitive to chan ges  in cloud effective rad ius. E qu ivalen t  rad ius in A rc tic  s t ra tu s
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clouds was o bse rved  to  lie in the  ran ge  betw een  r„ =  3.3 g m  a n d  11.4 g m  (H e rm a n  
and  C urry . 1984). so while g en e ra tin g  th e  look-up  tab les  o f  t r a n s m i t ta n c e ,  th e  
cloud layer was a ssu m ed  to  reside betw een  1 a n d  2 km  ab o v e  th e  ground, an d  
consist o f  l iquid  w a te r  d rople ts  w ith  effective rad iu s  7 g m . X eglect of ice an d  
m ixed  phase  c louds  m ay  lead to only  a  slight o v e re s t im a tio n  o f  r  because  g for ice 
clouds is rough ly  equa l  to  tha t  for liquid c louds, a n d  the  d ifference  in betw een  
ice a n d  liquid  w a te r  clouds has a re latively  m in o r  im p ac t  on  th e  t r a n s m i t ta n c e  
( B ark er  e t al.. 199S).
A lth o u g h  L eon tyeva  and  S tam n es  (1994) d e m o n s t ra te d  t h a t  th e  use of a  sp ec ­
tra l ly  invarian t  su rface  a lbedo a s is not a p ro b lem  for snow  surface , for a b e t t e r  
app ro ach ,  we will allow the  spec tra l  a lbedo  to vary  of snow  su rface  in 24 b an d s  
while th e  snow g ra in  size and  m ass fraction  o f  soot a re  re tr iev ed  (C h a p te r  2). For 
o th e r  typ es  o f su rface . o s is s im ply  ca lcu la ted  as th e  upw elling  to  incom ing i r ra ­
d iance  m e asu red  a t  S H E B A , and  it is kept c o n s ta n t  across t h e  sp e c t ru m  (B a rk e r  
et al.. 1998). T h e  subarc t ic  su m m e r  a tm o s p h e re  profile (M c C la tc h e y  et al.. 1971) 
w ith  33 layers u p  to  100 km  was used. B ackg round  tro p o sp h e r ic  aerosol o p tica l  
p ro pe r t ies  tak e n  from  M O D T R A X  were used.
C loud  o p tica l  d e p th  is re trieved  from A pril  to  A ugus t.  199S over S H E B A . In 
M arch  and  S e p te m b e r ,  m ost solar zen ith  angle  is larger t h a n  76°. so the  n u m b e r  
of adm iss ib le  d a t a  poin ts  is l im ited . F igure  4.2 shows th e  m e a n  hourly  o p tica l  
d e p th  for April to  A ugust.  1998 as a  function o f  th e  G M T  t im e  over SH E B A . T h e  
m ean  r  is a b o u t  10 w ithou t d is t inc t  daily  v ar ia t ion .  To see  th e  c loud d is t r ib u ­
tion. F igures  4.3 show  the  h is togram  of hourly  m ean  cloud o p t ica l  d ep th  for each  
m o n th .  F igure  4.4 shows the  seasonal varia tion  o f m ean  c loud  o p tica l  th ickness  
and  its  s ta n d a rd  d ev ia t io n  a t  S H E B A . A com pariso n  w ith  t h e  c loud  optica l d e p th  
derived  from  su rface  rad ia t ion  m e asu rem en ts  in Barrow  in 1988 by Leontyeva a n d  
S ta m n e s  (1994) is also shown. T h e re  is a  ten d en c y  for r  t o  increase  d u r ing  th e
1 0 7
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m elting  season. T h ere  a re  several fac tors influencing the  deve lopm ent o f clouds. 
W ith  regard  to rad ia t io n , we note  th a t  w ith  th e  m elting  o f  surface snow a n d  ice 
during  th e  su m m er,  th e  surface  albedo decreases, and the  net  rad ia tion  abso rbed  
at the  su rface  increases, so m ore  energy is available to heat th e  surface an d  lower 
a tm o sp h e re  and  the reby  influence the  deve lopm en t  of clouds. T h e  re tr ieved  r  at 
SH E B A  is sm aller  th a n  a t  Barrow. F rom  th e  analysis of c loud  optical d e p th  de­
rived from  P y ra n o m e te r  m easu rem en ts  a t  21 C anad ian  s ta t io n s  over m o re  th an  
20 years. B arker e t  al. (199S) concluded  th a t  th e  m ean values o f r  decrease  from 
abou t 35 a t  a  la t i tu d e  o f 50°N to a bo u t  22 near the  Arctic Circle. This polew ard  
trend  of decreasing  r  is consis ten t w ith  o u r  resu lts  because S H E B A  was at a  h igher 
la t i tu d e  th a n  Barrow, if we disregard th e  possible change in cloud op tica l  d e p th  
between 19SS and  199S due  to c lim ate  change.
4.5 S u m m ary  and  D iscu ssio n
In this ch a p te r ,  an  app ro ach  to derive th e  cloud optical thickness from  DSSR 
at the  g ro un d  was app lied  to  SHEBA  d a t a  o b ta ined  betw een April and  A ugus t.  
1998. T h is  app roach  to  infer the  cloud op tica l  d ep th  from t ra n s m i t ta n c e  o f  solar 
rad ia tion  passing th ro u g h  th e  c lo u d /a tm o s p h e re  could be used to e v a lu a te  the  
sa te ll i te  re trieval o f  c loud optica l d ep th  using th e  reflectance a t  the  T O A .
As th e  DSSR is not sensitive to c loud  effective radius a n d  cloud phase , it is 
possible for us to set a con s tan t  value for th e  effective rad ius  as re = 7.0 / /m  and  
assum e th e  cloud to  be a w a te r  cloud while deriv ing  the  cloud optica l d ep th .  A fast 
a lgo ri th m  based  on a m e th o d  described by S tam n es  (19S2) is used for th is  re trieval 
which has an  erro r of a b o u t  10%. M odel s im ula tions ind ica te  th a t  u n c e r ta in ty  in 
the  m easu red  irrad iance  of 5% results in th e  u nce rta in ty  in r  to  be 3-4 for a  high 
surface a lbedo . T h e  e r ro r  in the  cloud re tr ieva l between April a n d  May is e x p ec ted
I OS
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F i g u r e  4 .2  D aily  v a ria tio n  o f  r  from  A p ril to  A u g u s t. 1998 o v e r  S H E B A  .
to  be  larger th a n  in J u n e  - A ugus t.
W e derived th e  cloud optica l d ep th  betw een  April an d  A u g u s t .  199S using  
g ro un d -based  rad ia t io n  m easu rem en ts  at S H E B A . T h e  resu lts  show th a t  th e  m ean  
o p t ica l  dep th  is a b o u t  10 over th e  high Arctic  O cean , and  it t e n d s  to  increase w ith  
t h e  m elting  of t h e  snow /ice  surface. In the  next s tep ,  we will use  th is  techn ique  to  
s tu d y  the  varia tion  of r  in the  A rc tic  using th e  m easu red  D SSR  at th e  X S A /A R M  
s i te  in Barrow.
In add ition  to  th e  errors associa ted  w ith  th e  retrieval m e th o d  and  th e  m ea-
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F i g u r e  4 .3  H is to g ra m  o f  o p tic a l d e p th  from  A p ril to  A u g u s t. 1998 o v e r S H E B A  .
sured  ir ra d ia n ce .  the  m o st  im p o r ta n t  source o f e r ro r  is th e  su rface  a lbedo  because  
of its rap id  change  d u r in g  th e  m elting  season (see  C h a p te r  3). In our R T M . th e  
cloud is a s su m e d  to be a p lane-para lle l  slab. T h e  low-level s t ra t i fo rm  clouds th a t  
a re  a p reva len t  fea tu re  in t h e  A rc tic  (Tsay  an d  Jayaw eera . 19S4) seem to  be  good 
can d id a te s  for th e  th eo re t ic a l  s tu d y  of rad ia t iv e  t rans fe r  in a  p lane-para lle l  a tm o ­
sphere  w ith  m u ltip le  sc a t te r in g .  However, th e  influence o f c loud  varia t ion  in the  
horizonta l d irec t io n  on th e  re tr ieval of cloud o p t ica l  d ep th  m a y  be large. Use of 
a 3-D ra d ia t iv e  t rans fe r  m o d e l  m ay  provide b e t t e r  results. In recent y ea rs ,  it is
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F i g u r e  4 .4  C o m p a riso n  o f  m o n th ly  m ean  cloud  o p tic a l  d e p th  (u p p e r  p a n e l)  a n d  th e  s ta n d a rd  d e v ia tio n  o v e r S H E B A  in 1998 a n d  B a rro w  in 1988 (from  L eo n ty ev a  a n d  S ta m n e s . 1994) .
found  th a t  theo re tica l  m odel c o m p u ta t io n  o veres t im ates  th e  dow nw ard  shortw ave  
ir ra d ia n c e  a t  th e  su rface  com pared  with  observations (see for exam p le . Ivato e t  al.. 
1997). T h is  u n c e r ta in ty  is not considered in th is  ch ap te r .
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C hapter 5 
C loud P rop erties R etrieved  from  
A V H R R  over th e  A rctic O cean
5.1 B ackground
As m en tioned  in C h a p te r  -I. of all th e  cloud variables, cloud o p t ica l  d e p th  and  cloud 
effective rad ius a re  the  most im p o r ta n t  ones for th e  cloud ra d ia t iv e  p roperties  (see 
for exam ple .  N ak a j im a  and K ing. 1990: Slingo. 1989: Hu and  S tam nes .  1993. 
2000). T he  use o f satell ite  d a t a  to  derive som e o f the c loud p ropert ies ,  such as 
cloud cover, o p t ica l  dep th , c loud drople t effective radius a n d  liquid w ater p a th  
(L W P ) has proven  to  be a  possible and  econom ic  way to e s tab l ish  a global d a ta  
base  o f cloud p ro pe r t ie s  (see for exam ple  N ak a jim a  and King. 1990: N ak a jim a  et 
al.. 1991: Key. 1997: Han et al.. 1994: Han et al.. 1999).
M any  s tud ies  have been con d uc ted  to d e te rm in e  cloud o p t ica l  d e p th  ( r )  and  
effective partic le  rad iu s  (ry) over low albedo  surfaces a t  low- a n d  m id - la t i tu d es  
using th e  reflected solar rad ia t ion  in the  visible an d  near- in frared  (N IR ) spectra l  
range  (C u rran  an d  VVu. 19S2: K ing. 1987: Foot. 198S: Rossow et al.. 19S9: T w om ey  
and  Cocks. 1982. 1989; N aka jim a  an d  King. 1990: Rawlins a n d  Foot. 1990: King et
112
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al.. 1997). T h ese  a lg o r i th m s rely  on the  fact th a t  th e  reflection function  o f c lo u ds  at 
a nonabso rb ing  channel in th e  visible w avelength  region is p r im a r i ly  a  func t ion  o f 
cloud op t ica l  d ep th ,  w hereas th e  reflection function  a t  a  w a te r  ab so rb ing  c h a n n e l  in 
th e  XIR is p r im ari ly  a  fu nc t ion  of cloud d rop le t  size. However, in th e  polar reg ions, 
th e  surface is covered by sn ow /ice  most o f  th e  t im e  th ro u g h o u t  th e  year. V is ible  
solar rad ia t io n  reflected by c louds over a  b righ t sn ow /ice  surface  is not as sen s it iv e  
to  the  c loud  op tica l  d e p th  as over a d a rk  surface. T h is  is d u e  to  th e  low c o n t r a s t  
betw een  th e  c loud and th e  b righ t  surface, and  th e  m u ltip le  reflections betw een  th e  
cloud base a n d  the  und erly ing  snow /ice  surface. However, th e  reflection fu n c t io n  
at a w ate r-ab sorb ing  ch an n e l  in the  N IR  is sensitive to  th e  c loud o p tica l  d e p th ,  so 
channel 2 is b e t t e r  th a n  channe l 1 for th e  re trieval o f  c loud op t ica l  d ep th  o v e r  a  
snow /ice  surface.
R etrievals  o f cloud r  a n d  r e in the  po lar regions have been a t t e m p te d  in recen t  
years (see for exam ple . Key. 1997: King et al.. 19S7): Lubin  et  al.. 1994: H an  et 
al.. 1999). K ey  used A V H R R  channel 2 to  infer w ate r  c loud op tica l  d e p th  over 
snow /ice . H an  et al. (1999) also used A V H R R  channel 2 for th e  retrieval o f  w a te r  
clouds in t h e  A rctic , bu t  in s tead  of using th e  L am bert  a p p ro x im a t io n  to  the  su r fa c e  
reflection as Key (1997) d id .  th e  b id irectional reflection o f  th e  snow surface  was 
accou n ted  for. Lubin et al. (1994) p roposed  an  em p ir ica l  p a ra m e te r iz a t io n  of 
cloud op tica l  d ep th  as a  fun c tion  of the  b righ tness  t e m p e ra tu r e  difference b e tw ee n  
A V H R R  chan ne ls  3 and  4 over th e  A n ta rc tic .  In all these  works, th e re  are no d i r e c t  
valida tions d u e  to  lack o f  in-situ  m easu rem en ts ,  and  ind irec t  com parisons  o f  th e  
derived dow nw ard  solar i r rad ian ce  w ith  surface  m easu rem en ts  a re  scarce. So. m o re  
theo re tica l  a n d  exp e r im en ta l  s tud ies  are  required  in o rd e r  to  assess th e  so u n d n ess  
and  th e  accu racy  of th e se  m e tho d s  w hen applied  to  A V H R R  m e a su re m e n ts  in 
th e  polar regions. O bserv a tions  o f c louds using surface rad a r .  l idar and  a i r b o rn e  
observa tions  in th e  A rc tic  have  been ca rr ied  o u t  by th e  S H E B A . A R M /N S A  a n d
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F IR E -A C E  p ro jec ts .  T hese  observational d a ta  sets p rov ide  a  good o p p o r tu n i ty  to 
ev a lu a te  c loud  re tr ieva l a lgorithm s.
In th is  c h a p te r ,  tw o retrieval a lg o r i th m s are deve loped  th a t  a re  su itab le  for 
inferring  c loud  r .  r e a n d  cloud top te m p e ra tu re  (Tc) u n d e r  polar cond it ions  from 
the  re f lec tan ce  in channe l  2. and the  brigh tness te m p e ra tu r e s  in channe ls  3 and
4. S im ila r  to  Han e t  al. (1999) th e  B R D F  of th e  snow surface is considered 
using a R T M  for th e  coupled  a tm osphere-snow  sy s tem . This C loud  Retrieval 
A lg o r i th m  over Snow su rface  (C'RAS) is used for d a t a  a cq u ired  in A pril  an d  May. 
After t h e  m eltin g  season  begins in .June, the  surface b id irec tiona l re flec tance  is 
much less p ronoun ced  because  the  su rface  is com posed  o f  leads, p on d s  o r  water- 
soaked  m e l t in g  snow. T h us  the  L am b er tian  a p p ro x im a t io n  will be  used. This 
C loud  R etr ieval  A lg o r ith m  over a L am b er t  surface is ca lled  C'RAL. T h e  AVHRR 
re tr iev ed  resu lts  from these  two a lgo ri thm s are co m p a re d  w ith  the  in -s itu  aircraft 
m e a su re m e n ts .  M AS re tr ieva l results from  F IR E -A C E  d a t a  and  surface-re tr ieved  
cloud o p tica l  d e p th s  (see C h a p te r  4) derived  from S H E B A  and  A R M  (Xiong et 
al.. 2000a. c).
5.2 D e sc r ip tio n  o f  th e  R etr iev a l A lg o r ith m s
5.2.1 Radiative Transfer Model (R TM )
Cloud liquid  w a te r  con ten t  (LWC) or ice water con ten t  ( IW C ).  effective droplet 
rad ius  re or effective w id th  D c. and  c loud-top  te m p e ra tu r e  Tc arc  th e  m ost im por­
tan t  p a r a m e te r s  for w a te r  or ice clouds because th e  single sc a t te r  a lb e d o  the 
e x t in c t io n  coefficient 3 .  and  the  a sy m m e try  factor g  can  be expressed  in term s 
of r, ( o r  D r ) a n d  L W C  (or IW C) for w ater or ice c louds. A p a ram ete r iz a t io n  
of w a te r  c louds is p rov ided  by Hu an d  S tam nes (1993) a n d  of ice c louds by Fu
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an d  Liou (1993) as described previously . C loud  top  te m p e ra tu re  is an  im p o r ta n t  
variab le  for th e  e s t im a tion  of th e rm a l  rad ia t ion .  T he  snow surface can be  t rea ted  
as an  in d ep en d en t  layer coupled  to  th e  a tm osph ere  in the  RTM to avoid m ak­
ing a ssu m p tio n s  a b o u t  the surface  B R D F . P a ram e te r iz a t io n  of snow p ropert ies  is 
tak en  from W arren  and  W iscom be (19S2). T h is  RTM  has been used for rigorous 
theo re tica l  s tu d ie s  o f  bo th  the  t ro p o sp h e re  and  s t ra to sp h e re  (e.g. Tsay et al. 1989: 
S ta m n e s  and  Tsay . 1990) as d iscussed  before.
5.2 .2  Principle of Cloud Retrieval Using AVH R R
Use o f  an R T M  to  m ake  sensit iv i ty  analyses o f sa te llite  m easu rem en ts  in different 
channe ls  c o n s t i tu te  th e  basis for choosing sa te ll i te  channels  for any specific rem ote  
sensing  purpose.
Sensitiv ity  o f  channel 2 to th e  cloud optica l  d ep th  and  effective rad iu s  can 
be  seen from F igures  5.1 an d  5.2. which show the  reflectance of channel 2 for 
w a te r  clouds a n d  ice clouds, respectively , as a  function  o f  cloud d rop le t  effective 
rad iu s  r ,  (or D f ) and  cloud o p tica l  d ep th  r  over bo th  snow surfaces and  Lam bert 
surfaces. Snow g ra in  size and  soot a re  assum ed  to be  200 / /m and  0.3 ppm w 
respectively, a n d  th e  albedo for th e  L am bert  surface is a ssum ed  to be 0.577. For 
b o th  the  snow surface  and th e  L am b er tian  one. th e  reflectance in channel 2 ( R 2) 
for w a te r  clouds increases with  c loud  optica l  d ep th  and  decreases with th e  effective 
c loud drople t rad iu s ,  so over th icke r  clouds or clouds of sm alle r  cloud d rop le ts ,  the 
rad ian ce  reflected back to space is larger. For an ice c loud over a snow surface  and 
ZV >  40^/m. R 2 decreases w ith  cloud optica l  d ep th  w hen r  <  20. bu t for a  mean 
c ry s ta l  w id th  D e =  20 /urn. R 2 increases w ith  cloud op tica l  dep th  w hen r  < 20 
(F ig u re  5.2). As c irrus  is norm ally  very th in ,  the  varia tion  of R 2 w ith  th e  optical 
d e p th  can be used  to  retrieve th e  c irrus op tica l  d ep th .  Because a correc tion  for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
R ayleigh  sca tte r ing  effects is required  w hen  0.66 channe l is used to  re trieve  
cloud o p tica l  thickness (W ang  and  K ing. 1997). an d  A V H R R  channel 2 is more 
sensitive  th a n  channel 1 to  cloud op tica l  d e p th  over sn o w /ic e  surface, c h a n n e l  2 is 
used in s te a d  of channel 1 for the  re trieval o f  cloud o p t ic a l  d e p th  in th is  thesis .
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F i g u r e  5 .1  S im u la tio n  o f  re f le c ta n c e  in  AVHRR c h a n n e l  2 a s  a  fu n c tio n  o f  r ,  a n d  r  u n d e r  t h e  c o n d itio n  
o f tic, =  6 0 ° . 9 =  10° an d  O =  50° fo r  w a te r  c lo u d s . T w o  d ifferen t s u r fa c e s  a re  u sed  ( L) sn o w  s u r fa c e  w ith  g ra in  s ize  200 p m . m a ss -fra c tio n  o f  so o t 0 .3  p p m w . a n d  (2) L a m b e r t  su r fa c e  w ith  an  a lb e d o  o f  0 .577(0.86 fim) .
T h e  sensitiv ities  o f  th e  reflectance in channel 3 { R 3 ) w ith  r  and  r e for liquid 
w ate r  clouds are show n in F igure 2.3. For liquid w a te r  clouds R 3 is la rge r  for 
sm a lle r  effective d rop le t  rad iu s  because  th e  b ack sea t te r ing  is larger for a  sm aller
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F i g u r e  5 .2  A s  in  F ig u re  5 .1. b u t fo r  ice  c lo u d s  over a  sn o w  su rface .
drop size. R 3 increases for r  b u t  in a  very l im ited  optical d e p th  region, a n d  a f te r  
t  >10. it is a lm os t  a c o n s ta n t .  Due to  t h e  s trong  a b s o rp t io n  by c loud  w a te r  
in channel 3. th e  "p e n e t ra t io n  d ep th "  (w hich  could be th o u g h t  as th e  m a x im u m  
optical d e p th  beyond w hich  R 3 will not change) o f channel 3 is l im ited  to  a  shallow  
layer of th e  c loud . A fu r th e r  increase of r  does not have a n y  influence on R 3 . Th is  
behavior can  be  used to  s im plify  th e  cloud re tr ieva l  a lg o r i th m , as d iscussed below. 
T h e  var ia t ion  o f R 3 for ice c louds as a  fu nc tion  o f D e and  r  is shown in F ig u re  5.3. 
S im ilar to  w a te r  clouds. R 3 decreases w ith  D e for D e > 40 / /m .  b u t  the  m a g n i tu d e
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of /?3 for ice c louds is m uch sm alle r  than  for w ate r  clouds. So. use of R 3 for the  
re trieval of D r for ice clouds is m uch m ore difficult.
0 . 0 4 0
D .= 4 0 i x m
0 . 0 3 0
0.020
0.010
D.= 12 0 u m
~= 1 G°.
0.000
4  cC loud  O p t i c a l  D e p t h
F i g u r e  5 .3  A s in  F ig u re  5.2. b u t  fo r  re flec tan ce  in c h a n n e l  3.
From F igures 5.1-5.3. R 2 is p rim arily  sensitive  to  cloud r  an d  not very sensitive  
to  r , . and  R% is p rim arily  sensitive  to cloud r e and  not very sensit ive  to -  w hen t  > 
10. T hus , we can  use channels 2 and  3 to  re tr ieve  the  cloud r e an d  r  s im ultaneously , 
and  for th ick  clouds (r  > 10). it is possible to  use ch an ne l  3 in d epen den tly  to  
re tr ieve  r c. E xcep t  for very th in  clouds w ith  r  <  2. for w hich  th e re  are m u l t ip le  
so lu tions over L am b er t  surface as pointed o u t  by King a n d  X a k a jim a  (1990). the
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solutions a re  un ique  for t  >  2. L'sing the  snow surface, m u l t ip le  solutions a re  not 
a problem even  for r  < 2 (H an  et al.. 1999).
As the  m easu red  rad iance  in channel 3 includes the  th e rm a l  com ponen t  e m i t t e d  
from the  c loud  and  a tm o sp h e re  as well as the  solar reflectance, accu ra te  rem oval 
of the th e rm a l  com ponen t is necessary for the  re trieval of rF. T h e  m e tho d  we used 
for the rem oval of the rm al  rad ia t ion  in channel 3 is based on  rad ia t ive  t ran s fe r  
modelling. T h e  the rm al  rad ia t io n  in channel 3 and  4 depend  on  cloud t \ .  r .  c loud  
top  t e m p e ra tu r e  Tc and su rface  tem p e ra tu re  T3. As shown in Figure  -5.4. for a 
thick cloud w ith  r  >  15. BT4 is a lm ost equal to  the  cloud to p  te m p e ra tu re  T, 
and does n o t  dep end  on th e  r e. For clear sky. BT4 is a lm ost equ a l  to T3. W h en  
0 <  r  <  15. BT4 depends on T3. Tc. r f and  r .  T h e  sm aller  th e  cloud d rop  /y. 
the  larger B T 4. A sim ilar re la tionsh ip  is found for ice clouds, a n d  as r  >  10. BT4 
for ice c louds a lm ost equals Tc. T h e  dep endence  of BT4 w ith  D r is weak. T h e  
d ependence  o f  brightness t e m p e ra tu r e  for th e rm a l  com ponen t in channel 3 on r e. 
t . Tc and  T3 is s im ilar to  B T4.
As the  su rface  te m p e ra tu re  can be e s t im a te d  based on clear pixels using A V H R R  
channels 4 a n d  5 (Key. 1997). we can genera te  two look-up tab les  of the rm al  ra d i ­
ance in channe ls  3 and  4 corresponding  to  a series of T3. r .  ;y a n d  Tc using R T M . 
If 77,. r.  r, a n d  BT4 are given, we can use the  look-up tab le  to  der ive  Tc. and  th e n  
derive th e  th e rm a l  rad iance  in channel 3. However, cloud r  a n d  ry arc unknow n, 
so s im u ltan eo u s  retrieval o f  r .  r c and  Tc is required  using th e  m e asu rem en ts  in 
A VH RR channe ls  2. 3 and  4. Obviously, we have th ree  u n k n ow n  variables an d  
three  eq u a t io n s  for these th re e  channels, and  num erica l so lu tions can be o b ta in e d .
1L9
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F i g u r e  5 .4  S im u la tio n  o f b r ig h tn e s s  te m p e ra tu re  in A V H R R  ch an n e l 4 (B T 4 )  a s  a  fu n c tio n  o f r , .  r  
a n d  Tr fo r w a te r  c lo u d s . 7'9= 2 7 3  K .
5.2.3 Retrieval Procedure
From  th e  ab o v e  sensit iv ity  analyses, the  re trieval p ro ce d u re  for r  >  15 can be 
simplified as follows:
1. As B T 4  equals  the  c loud top  te m p e ra tu re  Tc for a  th ick  cloud, we can use 
r c= B T 4  a n d  th e  P lanck  function to  ca lcu la te  the  th e r m a l  rad ia t io n  in chan ­
nel -'3. a n d  get the  so lar reflectance in chan ne l  3 ( R 3 )  v >a  ecl- (2-7) accu ra te ly :
2. A ssu m e  t  =  20. using R 3 to  retrieve th e  effective ra d iu s  re:
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3. Using r e a n d  chan ne l  2 we c a n  re tr iev e  the c loud optica l d e p th .  If r  is indeed  
larger th a n  15. these  values o f  r e an d  r  will be  w ha t  we need . If the  e rro rs  
be tw een  th e  m od el s im u la tions  an d  th e  m easu rem en ts  in channe ls  2 and  3 a re  
sm a lle r  th a n  a p rescribed  accu racy , i te ra tion  will b e  required in th e  p roced ure  
as t h a t  for r  <  15.
For r  <  15.
1. A ssum e  r*0* =  S p m .  and  re tr iev e  r (0) from R 2:
2. G iven  surface te m p e ra tu r e  Tg (can  be re trieved  from clear p ixels using th e  
a lg o r i th m  o f Key e t  al. (1997)) a n d  BT4. using r^0) =  S p m  a n d  r (0). we can  
re tr iev e  th e  c loud top  te m p e r a tu r e  Tc:
3. E s t im a te  th e rm a l  emission in  channe l 3 from Tc. r[°K r (0) a n d  Tg:
4. E s t im a te  th e  reflectance R3 a f t e r  rem oving th e  th e rm a l  co m p o n en t  in channel
3. an d  use th e  r (0) and  R 3 to  re tr iev e  r^1’:
5. If th e  — r*U >  S. we set r e =  (r£°l +  r e (1,) /2  and  rep ea t  th e  p ro ced u re  
un t i l  |7'*0) — r*U| < 0 . 1  /im  a n d  th e  e rro r betw een  the  m odel s im u la t ion  a n d  
th e  m e a su re m e n t  in channel 2 an d  3 is sm aller th a n  a p resc ribed  accuracy.
Look-up tab les  a re  used for t h e  retrievals in C'RAS and C 'RAL. which a re  
g en e ra ted  from  R TM . T h ere  a re  six  look-up tab les: ( I )  Two look-up  tables o f  
reflectances in channe l 2 as a  fu n c tion  of cloud t  a n d  re for snow  surface a n d  
L am b er t  surface , respectivelv: (2) Like for channel 2. th e re  are tw o look-up tab les  
of so lar reflectances in channel 3. b u t  th e  albedo in channel 3 is m u ch  less t h a n  
in ch an ne l  2: (3) O n e  look-up ta b le  o f  brigh tness te m p e ra tu re  in channe l 4 as a  
function  o f  su rface  te m p e ra tu re ,  c lo u d  top  te m p e ra tu re ,  cloud r  a n d  r e: (4) S im ila r  
to chan ne l  4. th e re  is a  look-up ta b le  for th e  the rm al  com pon en t  in channe l 3.
1 2 1
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R etr ieval of the  ice clouds is m uch m ore  difficult in th e  polar regions because 
(i) ice c louds often co-exist w ith  und erly in g  liquid w a te r  clouds, (ii) th e re  is low 
con tra s t  in channel 2 betw een  ice clouds a n d  snow/ice surfaces, and (iii) th e re  is low 
con tras t  in channels 3 a n d  4 between ice clouds and  sn ow /ice  surfaces. Considering 
th e  large u n c e r ta in ty  in th e  retrieval o f  ice cloud over sn ow /ice  surface, th e  retrieval 
of ice c loud  is not p resen ted  in this thesis.
5.3 U n cer ta in ty  A n a lysis
A series o f  num erica l exp e r im en ts  are  designed to e x am in e  th e  u ncerta in tie s  of the  
cloud re tr ieva l  w ith  regard  to  cloud cover fraction, overlap  o f cirrus over low water 
clouds, inhom ogeneous cloud stra t if ica tion , and poor ca lib ra tion  of A V H R R  chan­
nels 1 a n d  2. U ncerta in ties  resulting from  surface albedos and  surface te m p e ra tu re  
is also d iscussed . In these  exp e rim en ts ,  th e  lower b o u n d a ry  is usually a ssum ed  to 
be a snow  surface. S im ilar  tes ts  can  be applied to th e  retrievals over a  Lam bert 
surface, an d  th e  u ncerta in tie s  are  e x p ec ted  to be sm alle r  th a n  for a snow surface 
due  to th e  b id irectional reflectance o f th e  snow surface.
1. S u rfa ce  A lb ed o  a n d /o r  B R D F
For th in  clouds, an  e rro r  in th e  a lbedo  m ay resu lt  in a large e r ro r  in the  
re tr iev ed  cloud op tica l  dep th . If th e  a lbedo is u n d e re s t im a te d ,  th e  reflectance 
a t  th e  T O A  from th e  model will be u nd e res t im ated . To m a tch  th e  model 
s im u la te d  R 2 w ith  th e  sa tell ite  m easu rem ent,  we have to increase r .  so the  
re tr iev ed  t  will be o veres t im ated .  F igure -5.5 shows th e  error of th e  retrieved 
cloud  optica l d ep th  for a  surface a lbedo  0.2 w ith  an e rro r  of ±5%  a n d  ±20% . 
For th ick  clouds w ith  t  =  10. a  ± 2 0 %  error o f a lbedo  results in an  error in 
r  o f  a b o u t  5%. and  a ± 5 %  erro r  resu lts  in the  e rro r  in r  of abo u t  2%. W ith
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the  inc rease  o f  r .  th e  e rro r  is m uch less. For r  <  2. t h e  e r ro r  in r  is as large 
as Sc/c a n d  2S% for errors in a lbedo ± 5 %  and  ± 2 0 % . respectively .
40 r
c.  _ a s= 0 .2 + 0 .0 4 (2 0 % )
2o — x  * a s = 0 .2+0 .01(5% )
Aj + \- ^
! +  "fe- -  -A - _  . -  -A - *— *—1C 7TT:* &  - O'’Sr '
M. ' &
C5
—20 — -  -  a s = 0 . 2 -0 .0 1 (5 % )
a. .  . a a s = 0 . 2 —0.04(20%)
- 4 0  ■0 0^ 4QCloud Optical Depth
F i g u r e  5 .5  U n c e r ta in ty  o f  th e  re tr ie v e d  r  fo r  e rro rs  o f  ± 5 %  arid  ± 2 0 %  in  s u r fa c e  a lb e d o  0 .2  (0 .S 6  f im )  u n d e r  th e  c o n d itio n  o f  9q =  6 0 ° . 6 =  10” a n d  o =  50” for w a te r  c lo u d s  .
M odel s im u la t io n s  of B R D F  over a  snow surface (see F igure  1 o f H an  et 
al.. 1999) in channel 1 in d ica te  th a t  the  rad ia t ion  reflec ted  from th e  snow 
surface  is h igh ly  an iso trop ic . T h e  rad ia t ion  field a t  t h e  T O A  u n d e r  a  c lear 
sky is less an iso trop ic , a n d  th e  addition  of haze fu r th e r  reduces t h e  degree  
of an iso tro p y  a t  th e  T O A . H an  et al. (1999) conc luded  th a t  using th e  snow 
surface  as an  add itiona l  layer  o f the  coupled sn ow -a tm o sp h e re  m odel resu lts
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in a  g re a te r  overall accuracy  in re tr iev ed  surface p ro pe r t ie s  as c o m p a re d  w ith  
a s im p lied  a p p ro ach  th a t  uses a  L a m b er t ia n  ap p ro x im ation  for t h e  surface 
a lb edo . To q u a n ti fy  th is  difference, a  tes t  was therefore  perform ed to  ex a m in e  
th e  d isc repancy  o f  cloud re trieval using  C'RAS and  C'RAL. As we d iscussed  
in C h a p te r  .'3. th e  effects of B R D F  is sm all when the  view angle is sm a ll ,  we 
ju s t  show this difference under th e  cond it ion  of 6 =  10°.
For a  snow g ra in  size r s =  1000 p m .  m ass fraction  o f  soot s ( =  0.3 ppm w . 
a n d  u n d e r  th e  cond it ions  of so la r  z e n i th  angle  60°. view angle ICC. a n d  two 
re la t iv e  a z im u th a l  angles. 50° an d  150°. respectively, we used th e  R T M  for 
th e  coup led  sy s tem  to  com pu te  th e  reflec tance  in channe ls  2 and  3 for a  series 
o f c loud  r  and  re values. T he  a lb e d o  corresponding  to  rs =  1000 p m .  s, =
0.3 p p m w  and  so lar zenith  ang le  60° in channel 2 is 0.54. Several p o in ts  for 
a va lue  of r  in u p p e r  panel co r re sp on d  to  different in range o f 4-20 p m . 
a n d  several po in ts  for a  value o f r e in lower panel correspond  to d iffe ren t r  in 
ran g e  o f  2-70. L'sing these  reflec tances and  viewing g eo m e try  for c lo uds  over 
snow  surface as th e  inpu ts  to  th e  C 'RAL. th e  re trieved  r  and r K as com pared  
to  th o se  used to  s im u la te  the  sa te l l i te  reflectance over th e  snow su rface  show 
th a t  (F igu re  5.6): (1) for r  >  4. th e  d isp a r i ty  in b o th  r  and cv is less than  
■57: (2) for r  <  2. th e  d ispari ty  in r  is large, bu t it is less th an  59c in r,.: (3) 
for o  =  50°. r  is o veres t im ated  by 1 7 .  and  for o  =  150°. r  is u n d e re s t im a te d  
by 59?.. An exac t  opposite  tes t  is m a d e ,  in which th e  reflectance in channels  
2 a n d  3 are ca lcu la ted  for a L am b er t  surface and  used as inpu ts  to  C 'RAS for 
re tr iev a l .  C om pariso n  of the  re tr iev ed  re and  r  from  C’RAS w ith  t h a t  used 
to  s im u la te  th e  sa te l l i te  reflectance over th e  L am bert  surface shows th a t  for 
o  =  5 0 7  r  is u nd e re s t im a te d  by  -697: and  for o  =  150°. r  is o v e re s t im a ted  
by 27c.
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From th e se  experim ents ,  it c an  be concluded for r  >  4 . use o f th e  L am bert  
a s su m p tio n  results in an e r ro r  o f abou t o% for the  re tr ieved  r  an d  r e w hen 
the  view angle is less than  10°. This is th e  reason we o n ly  choose the  n ear  
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F i g u r e  5 .6  E r r o r  o f  th e  re tr iev e d  r r ( u p p e r  p an e l) a n d  r  (lo w er pan e l) u s in g  C R A L  fo r snow  su rfa c e  ( r .  =  1000 p m . s t =  0 .3  p p m w ). T h e  c o rre sp o n d in g  a lb ed o  is 0 .54  (0 .86 p m ) .  0o =  6 0 ° . 0 =  10" a n d  o
a t -50" an d  150° .
2. S a te l l ite  m ea su rem en ts
T h ere  is no onbo ard  ca lib ra tion  for A V H RR  channels 1 a n d  2. so u n c e r ta in ty  
of th e  reflectance in channels 1 and  2 m ay  be very la rge  due  to  poor cali-
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bra tion .  As is show n la te r  th e re  a re  large d isparit ie s  am ong  th e  collocated  
NOAA-IO. N OA A -12 and  NOAA-14 d a ta .  T h ro u g h  the  com parison  o f  these 
collocated d a ta  from NOAA-IO. NO A A -12 and  NOAA-14 a n d  th e  model 
s im u la t ion  over th e  snow surface, we es t im a ted  t h a t  the  N OA A -14 A V H RR  
channel 1 and  2 d a t a  ob ta ined  from  th e  ARM  A rchive  for S H E B A  is over­
e s t im a te d  by 10-15%. This e s t im a te  is very close to  th e  revised  ca lib ra tion  
to NOAA-14 A V H R R  by Rao a n d  C hen  (1999). which was m a d e  th re e  years 
a f te r  the ir  first pub lica tion  of c a lib ra tio n  (see Rao  a n d  C hen. 1996).
To exam in e  the  sensit iv i ty  of c loud  retrieval to  th e  u nce r ta in ty  in satellite- 
m easu red  rad iances, we a ssum ed  a  ± 5 %  error in the  reflec tance  in both  
channels  2 and  3. T h e  error in th e  re trieved  r e for different r  a n d  r e is shown 
in F igure  5.7 (u p p e r  panel). T h e  different points for one r  rep resen t  different 
rf (in a range o f 4 - 20 /im ). T h e  e rro r  in re is a b o u t  1 ^ m  in m o s t  cases, but 
a l i t t le  larger for r e =  20 /*m. T h e  e rro r  in the  re tr ieved  r e for different re 
and  r  (in a  range o f 2-70) is show n in the  lower panel.  It is co n c lu d ed  from 
F igure  5.7 th a t  for a ± 5%  erro r  in th e  reflectance in both  chan n e ls  2 and  3. 
th e  e rro r  in re is typ ica lly  less th a n  2 m . but th e  e rro r  in th e  re tr iev ed  r  is 
large. For r  =  20. th e  error is a b o u t  40-50%. For a  th in  c loud such  as t  —
2. th e  error can be as large as S0-90%.
3. C lo u d  fraction
To tes t  the  e rro r  in cloud fraction  on th e  retrieval o f  cloud o p tica l  d ep th  and  
d ro p le t  effective rad ius, we consider the  cloud over a  snow su rface , an d  the  
reflectance o f channe l 2 is:
#2 =  R-2eld. * r + Rodr * (1 — r )  (5.1)
w here  Ridd  and  R?dr is th e  T O A  reflectance for a  c loudy  and  a  c lea r  s i tua t io n ,  
respectively, r  is th e  cloud cover fraction . S imilarly, reflectance in channel 3
L26
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F i g u r e  5 .7  U n c e r ta in ty  o f  th e  r e tr ie v e d  r r (u p p e r  p a n e l)  a n d  r  (low er p a n e l)  fo r  ± 5 %  e r ro r  o n  b o th  
/?2 a n d  /?3  fo r d iffe ren t r ,  a n d  t  .
is:
R z  =  R z d d  *  r  +  R z c l r  *  ( 1 — r ) ( 5 - - )
w here Rzcu  a n d  /?3C/r is th e  reflectance for a c loudy  a n d  clear s i tu a t io n ,  
respectively. For cloud cover r varying from  0.1 to L.O. th e  re trieved  c loud  
optical d e p th  an d  the  d ro p le t  effective rad iu s  for w ater c lo u ds  w ith  rc =  10/vm 
and  r  — 30 u n d e r  the  cond it ion  of Oq =  50°. 0 =  10°. o  =  50°. surface snow  
grain  size 1000 and  m ass-frac tion  o f  soot 0.3 p p m w  is shown in F ig u re
1 i i
10E ffe c tiv e  R a d iu s  ( ^ m )
o© <■>
o O © ©
©
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5.S. For a  p a r t ly  cloud pixel. rt is o v e re s t im a ted  and  r  is u n d e re s t im a te d .  
W hen  a  c loud  cover fraction is O.S. r e is o v e re s t im a ted  by  25%. and  r  is 
u n d e re s t im a te d  by 26%.
12S
r .=  IO U m ) .  r  = iO . £ ,-6 C '. ? = T C \ i= 5 C ‘
40  r -  O O R e tr ie v e d  r .  U n a )
O
0 3  0 2  3 4  o  c  1 3 5  • ^C loud  C o v er F r a c t i o n
F i g u r e  5 .8  V a r ia t io n  o f  re tr ie v e d  r ,  a n d  r  versus cloud  c o v e r f ra c tio n  for w a te r  c lo u d s  w ith  r ,  =  10 p m  a n d  r  =  30 u n d e r  th e  co n d itio n  o f 0O =  50°. 0 - 10°. o  - 5 0 " . su rfa ce  snow  g ra in  size  1000 p m  a n d  m a ss - fra c tio n  o f  s o o t  0 .3  p p m w .
1. In h o m o g e n e o u s  vertica l stra tifica tio n  o f  th e  clou d
In all t h e  p revious cloud retrieval analyses, th e  cloud is a lw ays a ssu m ed  to 
be a h om ogeneo us layer. This assum ption  is com m on  for sa te l l i te  retrievals. 
However, b o th  m odel s im ula tions and field observa tions show  th a t  te r re s tr ia l
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w ater c louds contain  significant vertica l  inhom ogeneity , w ith  c loud effective 
radius increasing linearly  from th e  cloud b o t to m  to the  c loud top  excep t 
in th e  upperm ost optica lly  thin e n t ra in m e n t  region (X aka jim a  and  King. 
1990. O lsson et al.. 199S. H arring ton  et ah . 1999). In-situ m e asu rem en ts  by 
Slingo e t  al. (1982). S tephens and  P la t t  (L987). A lbrecht e t  al. (198S). an d  
S p inh irne  et al. (1989) showed th a t  the  effective radius a t  the  b o t to m  of 
the  c loud  is about 0.49-0.58 of the  effective rad ius a t the  cloud top . Profiles 
of norm alized  effective radius as a  function  of norm alized op t ica l  d ep th  is 
shown in Figure 5.9.
In o rd e r  to  exam ine th e  effect of vertica l s tra t if ica tion  of a  cloud on the  sa te l ­
lite re m o te  sensing resu lts , the  ver tica lly  inhom ogeneous cloud s tra tif ica tio n  
is considered  by d iv id ing  the  clouds into  5 layers w ith  rF changing  accord ing  
to th e  profile of S tephen s and  P la t t  (1987). T h e  com p u ted  reflectance in 
channels  2 and 3 over a  snow surface for different cloud top  effective radii 
and c loud  optical d e p th s  a re  shown in F igure  5.10. For com parison , th e  re­
flectance in channels 2 and  3 for hom ogeneous clouds are also shown. For 
inhom ogeneous clouds, th e  reflectance in b o th  channel 2 and  3 is h igher th a n  
th a t  for hom ogeneous clouds with th e  sam e  cloud top  r E. As reflectance in 
channel 3 is very sensitive  to cloud effective radius. R 3 is m uch  larger for an  
inhom ogeneous cloud th a n  over a hom ogeneous cloud with th e  sam e cloud  
top effective radius. However, the  difference is small in channel 2. I ’sing 
these  s im u la ted  reflectances as inpu t to  o u r  cloud retrieval a lg o r i th m , as d e ­
scribed  before, we re tr ieved  the  r  and  r , . .  Figure 5.11 shows the  ra tio  o f 
the  A V H R R  derived cloud optical d e p th  to the  t ru e  optica l d ep th  and  th e  
A V H R R  derived effective radius to th e  effective rad ius a t  cloud top  as a func­
tion o f  r c and  t  for inhom ogeneous clouds. T hese  results d e m o n s t ra te  th a t  
the  e r ro r  associated w ith  the  inhom ogeneous cloud s tra tif ica tion  results in
129
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S t e p h e n s  an d  P la t t  (19 8 7 )  /  /
A lbrech t  e t  a l .  ( 1 9 8 8 )  /  .
S p in h ir n e  e t  a l .  ( 1 9 8 9 )  / .
S 0.4’Z /'
N o r m a l iz e d  e f f e c t i v e  ra d iu s  (^ m )
F i g u r e  5 .9  N o rm a lized  effective r a d iu s  to  th e  effective ra d iu s  a t  c lo u d  to p  a s  a  fu n c tio n  o f  n o rm a liz e d  
o p tic a l  d e p th .
an  e r ro r  in the  re trieved  c loud  optical d e p th  of only 5-10% . b u t  th e  effect on 
th e  c loud  effective rad iu s  is significant. T h e  sa te ll i te  re t r ie v e d  cloud d ro p le t  
effective rad ius (re( r e t r i e v e d )) is 80-8-5% of r e ( t ru e )  a t  th e  cloud to p .  for 
w hich  th e  t  is abou t 45-5-5% of the  c loud  optical d e p th  accord ing  to  F igure  
5.9.
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5. O verlap  o f  cirrus o v er  low  w ater  c lo u d
S u m m e r t im e  Arctic  s t r a tu s  clouds a re  believed to  fo rm  as relatively w arm  
and m o is t  con tinen ta l  a i r  flows over t h e  pack  ice. a n d  th e  radiative a n d  dif­
fusive cooling  at th e  c o ld er  surface a n d  longwave em iss ion  to space in it ia tes  
the  cond en sa t io n  (H e rm a n  an d  G oody. 1976: C'urry e t  a l. .  198S). T h e  A rctic  
clouds a re  frequen tly  o bserved  to hav e  a  m ultip le -layer s tra t if ica tion  s t ru c ­
ture . a n d  th e  fo rm ation  m echan ism s a re  still  not very c lea r  a lthough several 
m echan ism s have been  proposed by m a n y  researchers, for exam ple. H erm an  
and  G o o d y  (1978). T sa y  a n d  Jav aw eera  (1984). M c ln nes  and C urry  (1995). 
O lsson e t  al. (1998). H ar r in g to n  et al. (1999). Discussion of these fo rm ation  
m echan ism s is beyond th e  scope o f  t h e  cu rren t  research . From the S H E B A  
D A B U L l ida r  observa tions an d  the  A V H R R  observa tions , m ulti-layer clouds 
are also frequen tly  found.
In o rd e r  to  exam ine  th e  im p ac t of c ir ru s  over w ate r  c loud  on the sa te l l i te  
rem o te  sensing  of cloud op t ica l  dep th ,  we perfo rm ed  s im p le  model s im u la t  ions 
for a tw o-layered  cloud system . T h e  c ir rus  layer is a ssu m ed  to be located  
betw een  7 and 8 km . to  have a p a r t ic le  size De =  60 / /m . and an optica l 
d ep th  o f 0.2 or 0.5. T h e  w ater c lou d  is assum ed  to  be  located betw een  
1 and  2 km . and  its c loud  droplet effective radius a n d  optical d e p th  are 
allowed to  vary. Reflec tances in channe ls  2 and  3 for a  series of lower w ater 
cloud o p t ica l  d ep th s  a n d  effective rad ii  a re  com p u ted  as inpu ts  to t h e  cloud 
retrieval a lg o r i th m  (w a te r  cloud). C o m p ar iso n  of th e  re tr ieved  cloud optica l 
d ep th  an d  the  d rople t effective rad ius  w ith  the  lower w a te r  cloud r  a n d  r, 
(F igu re  5.12) shows t h a t  for t c, >  0.5. th e  w ate r  c loud  retrieval a lg o r i th m  
has d ifficulty  in re tr iev ing  th e  w ater c loud  effective rad iu s  and optica l d ep th .  
This is because  th e  s t ro n g  absorp tion  in channel 2 a n d  3 by ice partic les
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resu lts  in a  significant decrease  in th e  reflectance. For =  0.2 and  w hen 
the  lower w a te r  cloud op t ica l  d ep th  is la rger  th a n  6. th e  re trieved  effective 
d rople t rad ius  is larger th a n  the  lower w a te r  cloud effective rad ius by 20-30 
%. w hereas th e  retrieved cloud optical d e p th  is u nd e re s t im a te d  by 50% or 
m ore , as shown in Figure 5.12.
G. O th er  so u rces  o f error
U n ce rta in ty  o f the  surface te m p e ra tu re  resu lts  in an u n c e r ta in ty  of the  e s t i ­
m a tio n  o f th e rm a l  rad ia t ion  in channel 3 if th e  cloud is not very thick, w hich 
influences th e  retrieval o f  r e and  cloud to p  te m p e ra tu re  Tc. O v eres t im a tion  
of surface tem p e ra tu re  will obviously o v e re s t im a te  th e  th e rm a l  emission in 
channel 3 and  channel 4 from  the  g ro u n d . T hus. Tc an d  th e rm a l  em ission  
from the  cloud in channel 3 will be u n d e re s t im a te d ,  th e  so lar reflectance in 
channel 3 will be o veres t im ated  correspondingly , r,. will be u n d e re s t im a te d  
as /?3 is overes t im ated . O v e r  a thick c loud. BT4 is close to  cloud top t e m ­
p e ra tu re .  so its influence on cloud retrieval can be neglected.
T h e re  are  som e errors in th e  retrieval m e th o d  itself due  to the  in te rpo la tion  
or e x tra p o la t io n  in the look-up tables. T h e  error in r  is less than  1. and  
for rF it is less than  0.5 /dm.  bu t  m ay be  larger when r  <  2 due  to m u l t ip le  
so lu tions over Lam bert su rface  as po in ted  o u t  by N aka jim a  and  King ( L990).
5.4  V alid ation  S tu d y
T h e  valida tion  of o u r  cloud re tr ieva l a lg o r i th m  is m ade  th ro u g h  direct c o m p a r ­
isons of sa te l l i te  re trieved  cloud effective d ro p le t  rad ius with  in -s itu  aircraft m e a ­
su re m e n ts  by N C A R  C-130. an d  indirect com parisons  of cloud retrievals in ferred
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from A V H R R  w ith  those  inferred from M ODIS A irb o rne  S im u la to r  (M A S) d a ta  
o b ta in e d  on the  N A SA  ER-2.
5.4.1 Comparison with C-130 in-situ Measurements
In o rd e r  to  c rea te  an  in teg ra ted  d a ta  set of the  physical and  ra d ia t io n  charac­
te r is tic s  of the  su rface  and  clouds in th e  vicinity o f th e  S H E B A  Ice C a m p  on a 
ho r izo n ta l  scale t h a t  is useful for num erica l  c lim ate  m odels, a n d  su p p o r t  sa te l l i te  
rem o te  sensing efforts o f  SH E B A . F IR E , and  A RM  investiga to rs ,  th e  XCAR-L30 
was used  to ''map™ th e  surface and  charac ter is tics  on a horizonta l sca le  o f up to 
(50 k m ) 2 w ith  a reso lu tion  o f 10-100 m . Eight research  flights in M ay  and  July . 
199S. respectively , were conducted . T h e  XC'AR C-130Q is a four-engine  m ed ium - 
a l t i tu d e  research a irc ra f t .  Horizontal traverses  of 20-200 km  were m a d e  a t  various 
a l t i tu d e s  above, below  and  w ithin  the  clouds, and in th e  b o u n d a ry  layer to m ap  
the  su rface  using a irc ra f t  rem o te  sensing  ins tru m en ts .  Slow ascen ts  arid descents 
speed w ere m a in ta in ed  to o b ta in  high-resolu tion  vertica l profiles u sing  in-situ  in­
s t ru m e n ts .  The  t im in g  o f the  flights was coord ina ted  w ith  sa te l l i te  overpasses o f 
X O A A -12 and  -14. T h e  cloud effective rad ius  was m easu red  by P a r t ic le  M easuring  
S ys tem s Inc. (P M S ) c loud physics p robes, which m easu re  the  c loud  d ro p  size dis­
t r ib u t io n  betw een 1.4 and  2.250 (.im in rad ius. One of these  probes. F S S P  (Forward  
S c a t te r in g  S p e c tro m e te r  P robe),  was used to m easure  th e  cloud d ro p le t  sp ec tru m , 
m ean p ar tic le  d ia m e te r  and  w a te r / ice  con ten t .  C a lib ra tio n  was confirm ed  on th e  
FSSP by injection a t  flight speeds of spherica l beads o f known size. M ore  com ple te  
desc r ip t io n  of th ese  in s t ru m e n ts  can be found in K nollenberg  (19S1).
C a se  1: M ay 4, 1998
R a d a r  and  l id a r  im ages show th a t  a  w ater d ro p le t-d o m in a te d  layer occurred  
betw een  two ice c ry s ta l  layers (C urry  e t  al.. 2000: D ong et al.. 2000). T h e  ice
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c ry s ta ls  from  the  d iss ip a tin g  a l to s t r a tu s  fell th ro u g h  th e  liquid p h ase  cloud layer 
to  th e  surface. C 'e ilom eter-m easured  cloud base h e ig h t  is abou t 0.6 k m . and  radar- 
derived  cloud top  height is near t h e  top  of the  ice c ry s ta l  layer (4 k m ) .  From the  
h is to g ram  of F S S P -d e r iv ed  r e (F ig u re  5.13). the re  a re  two peaks: o n e  is a t  7-S //m . 
a n o th e r  is a t  ab o u t  18 /im . From th e  r ,  versus height (n o t shown), it is clear th a t  
th e  first peak  co rresponds  to th e  w ate r  cloud loca ted  betw een th e  two ice cloud 
layers, a n d  the  second peak  corresponds to the  ice c loud. From 21:00 until  24:00 
U T C . th e  m ean  effective radius is 13.9 / im  and  th e  s t a n d a rd  d ev ia t ion  is 5.6 /m i.
O verp ass  of N O A A -14  A V H R R  at 22:50UTC on  M ay  4. L998 ava ilab le  in ARM  
A rchive  is used for c loud  re trieval. In this d a t a  se t .  A V H R R  ch an ne ls  1 and  2 
was c a l ib ra te d  based  on  th e  c a lib ra tio n  results of R ao  a n d  Chen (1996). As it was 
o vercas t ,  surface a lb ed o  or snow g ra in  size is not from  retrieval (as discussed in 
C h a p te r  3). For C 'RAL. the  a lbedo  in channel 2 is se t  a t  0.S5. cons is ten t  with the  
m e a su re m e n t  of Perov ich  et al. (1999). For C'RAS. snow  grain size is set a t  50 /mi 
a n d  m ass-frac tion  o f soot is 0.02 ppm w . Solar z e n i th  angle  in th is  scene  is abou t 
59.5° - 60.5°. and  th e  a lbedo  over snow surface from  th e  model is consis ten t  with 
th a t  from  th e  m e a su re m e n ts  of Perovich  et al. (1999). For com parison ,  we take  
an  average  of the  re tr iev ed  r  an d  r f over 10 by 10 pixels centered  on  th e  SHEBA  
Ice C a m p .
From  C'RAS. th e  m ean  re tr ieved  cloud d rop le t  effective rad ius a n d  the  cloud 
op tica l  d e p th  are 10.8 / im  and  60.9. respectively. T h e  A V H RR  der iv ed  cloud ef­
fective rad ius  is close to  the  in -s itu  m easu rem en t by  th e  X C A R  C-130 but the  
A V H R R  derived cloud  optica l d e p th  is highly o v e re s t im a te d  and unrea lis tic .  S im ­
ilar resu lts  were found  by Dong e t  al. (2000). w ho  used  NOAA-14 A V H R R  d a ta  
tak en  a t  21:21U TC on M ay 4. 1998. Using A V H R R  channels 1. 3 a n d  4 and the  
a lg o r i th m s  of M innis e t al. (1995). Dong et al. o b ta in e d  r e =  9.5 / im  a n d  r  =  56. 
T h e  im p roved  a lg o r i th m  of M innis e t al. ( 199S) w ith  a  c lear sky re flec tance  of 0.72
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gave th e  sam e  values for Tc and r e. b u t  r  =  26.7.
L'se of th e  1.6 f im  channel ins tead  of a visible channe l was e x p e c te d  to  p roduce  
a m ore  a c c u ra te  value o f r  over th e  snow surface. T h e  Along T rack  S canning  R a­
d io m e te r  (A T S R ) has a  channel a t  wavelengths o f 1.6 /im  and  th ree  th e rm a l  bands  
at 3.7 / /m . 11 /im. and  12 /im. and  th e  spatial reso lution  is 1 km . T h e  first A TSR  
in s t ru m e n t .  A T SR -1 . was launched on board  th e  E u ropean  Space  A gency 's  (ESA ) 
E u ro pean  R e m o te  Sensing Satellite  (ERS-1) in J u ly  1991. and  an enh anced  version 
of A T S R . A TSR -2 . was successfully launched on b o a rd  ESA's ERS-2 spacecraft  on 
21st A pril  1995. Dong et al. (2000) used the A TSR -2  1.6 /im chan ne l  for a  10*10 
pixel box cen te re d  a t  175 km northw est of the  sh ip  to  derive th e  cloud op tica l  
d e p th  an d  d ro p le t  effective radius as r e =  11.1 a n d  r  =  8.5. w hile  the  o th e r  two 
a lg o r i th m s  (M inn is  e t al.. 1995. 199S) gave re =  9.5. r  =  57. Tc =  24SK and  rF =
9.5. r  - 32.5. respectively.
T h e  difference of o u r  results from Dong et al. (2000) m ay be d u e  to  the  different 
c a lib ra tio n , th e  se t t in g  of surface a lbedo  and th e  different re trieval a lgo ri thm s. T h e  
ca lib ra tio n  o f  X O A A -12  and  XOAA-14 by M innis e t  al. (1999) was used by Dong 
et al. (2000). a n d  in the ir  retrieval a lgorithm s channe l 1 is used for th e  re trieval 
of c loud o p t ica l  d e p th ,  which is not app ro p ria te  over snow or ice surface as we 
discussed  before.
Before th e  rev ised  ca libration  to  XOAA-14 A V H R R  by Rao a n d  C hen  (1999). 
we found th a t  th e  unrealis tic  re trieval of r  m igh t be due to th e  e rro r  resu lting  
from ca l ib ra t io n .  T h rough  the  com parison  o f  collocated X O A A -10. 12 and  14 
(see sec tion  5 .3 .2). we es t im ated  th a t  the  reflectances in channels  1 and  2 were 
o v e re s t im a te d  by 10-20%. This resu lt  was proven by Rao and  C h e n  (1999). F rom  
Rao an d  C h en  (1999). XOAA-14 d a t a  from the  A R M  archive is o v e re s t im a ted  by 
11%. A fte r  m u lt ip ly in g  R 2 by (I  - 14%). the  re tr ieved  rf is 9.9 / /m  and  r  from 
C'RAS is 15.S (F ig u re  5.14). As com pared  to Dong e t  al. (2000) using  th e  im proved
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a lgo rithm  of Minnis e t  al. (1998). the  re tr iev ed  r  from o u r  a lgo rithm  is closer to 
th a t  derived  from the  surface r = 5 .7  and  t h a t  inferred from  the  1.6 / im  channel a t 
ATSR-2. bu t  it is still overes tim ated .
C ase 2: M ay 2 7 /2 8 ,  1998
T he D A B U L lidar im age  shows tha t  th e re  are two layers of liquid cloud with 
the  top o f th e  upper layer a t  1.5 km d u r in g  th e  overpass of XOAA-14 a ro u n d  23:30 
U TC. In-situ  aircraft m easu red  r e from F S S P  during  M ay 27 22:00 - M ay  28 1:00 
as is shown in Figure 5.15. T h e  h is tog ram  shows th a t  th e re  is only  one  peak at 
7-8 //m . an d  the  m ean  r e inferred from th e  aircraft m easu rem en ts  is S.S / /m  with a 
s tan d a rd  dev ia tion  of 2.7 /zm. Using th e  a lg o ri thm  of M innis et al. (199S). Dong 
et al. (2000) found r f =  13.5 /zm with Tc =  250 f\ and  r  =  37.4 using  .VOAA-14 
AVHRR overpass a t  23:49 UTC’ on 27 M ay 1998. T he  reason for th is  difference was 
due  to two d is t inc t  typ es  of cloud in the  v ic in ity  of th e  ship . As show n in Figure 
5.16. h igher BTD34 ind ica ted  clouds w ith  a  small effective radius a n d  vice versa. 
Dong et al. used the  1.6 /zm channel from  th e  ATSR-2 in s tru m en t  to re tr ieve  rF =  
8.6 /zm. r  =  7.4 north  o f  th e  SHEBA  Ice C a m p ,  and  re =  21.6. r  =  10.4 south  of 
the  ship . T h e  a ircraft flew m ostly  over th e  north  of th e  sh ip  (Dong e t  al.. 2000).
The XOAA-14 A V H R R  overpass on M ay  27 at 23:3S UTC was used in our 
retrieval, and  the  re trieved  m ean  cloud effective radius r c is 13.9 /zm w ith  a s tan ­
dard  dev ia tion  of 0.7 /zm. T h e  m ean  c loud  optical d ep th  is 39.5 using  th e  ARM  
Archive A V H R R  d a ta .  T h is  result is s im ila r  to tha t  of Dong et al. (2000). Using 
the  ca lib ra tion  of Rao and  C hen  (1999) a n d  th e  C'RAS (snow gra in  size is taken 
as 1000 /zm and  m ass-fraction  of soot is t ak e n  as 0.1 ppm w . we o b ta in e d  r e =  11.7 
/zm and r  =  13.6. T h e  r  re trieved  from su rface  PSP is 6.5 a t 22:00 U T C .
From th e  above two cases, we found th a t  A V H RR  can  be used to retrieve 
cloud effective radius accu ra te ly  over snow surface, b u t  m ay  yield un rea l is t ic  cloud 
optical d ep th  over snow surface as is ev id en t  from bo th  o u r  retrieval an d  Dong et
136
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al. (2000). However, use o f  th e  new ca lib ra tio n  o f R ao  an d  Chen  (1999) yields 
re t r iev ed  r  close to  the  re trieval from th e  surface. C om pariso n  o f th e  re trieval 
resu lts  is sum m erized  in T ab le  5.1.
T a b l e  5 .1  C o m p a riso n  o f  C loud  R e tr ie v a l w ith  C-L30 A irc ra f t  M e a s u re m e n ts .
D ate C -130 CRAS Dong et al. 1.6 fi m S urface(2000) ( ATSR-2) P S Pre ( f i m) r  re(/.im) r  re (/im) r  re (^m ) TM ay 4 13.9±5.6 15.8 9.9 27.0 9.5 S.5 11.1 5.7M ay  27 /28 S .S±2.7 13.6 11.7 37.4 13.5 7.4 S.6 6.5
5.4.2 Calibration of N O A A -14  A V H R R  Channels 1 and 2
From  o u r  s tudy , we found b o th  the  re tr ieved  cloud op tica l  d e p th  and  su rface  a lbedo  
using N O A A -14  A V H RR  d a t a  obta ined  from  th e  ARM  A rchive, which is c a lib ra ted  
based on  Rao and  Chen (1996) for A V H R R  channels I an d  2. do no t co m p are  
well w i th  th e  surface m easu rem en ts  a n d  in-situ  a ircraft  m easu re m e n ts .  A f te r  a 
g rea t  dea l  o f  effort checking all the a lg o r i th m s  and m ak in g  s e n s i t iv i ty /u n c e r ta in ty  
ana lyses ,  we concluded t h a t  there  are  som e  error in th e  ca lib ra tion  o f  R ao  and  
C hen  (1996) a lthough  it is widely used in app lica tions  or used as s t a n d a rd  for 
the  c a l ib ra t io n  o f o ther sa te l l i te  sensors. To exam in e  th e  possible e r ro r  in the  
c a l ib ra t io n  of NOAA-14 from  Rao and  C h en  (1996). we perfo rm ed  co m p a r iso n s  of 
m odel s im u la te d  reflectances with sa te l l i te  m easu rem en ts  from N O A A -IO . 12 and  
14 for c lea r  sky  conditions. In these com parisons , the  m easu red  su rface  a lb ed o  is 
taken  from  Perovich et al. (1999). R eflec tance  in channel 2 for different pixels w ith  
d ifferen t viewing geom etries  in the whole im ages und er  c lea r  sky can be  ca lcu la ted  
from an  a c c u ra te  RTM . T h e  difference betw een  m od el-s im u la ted  a n d  sa te l l i te -  
m e a su re d  reflectance is show n as the  r a t io  o f  the  s im u la te d  and  m e a su re d  values.
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T h is  r a t io  represents  th e  d e p a r tu re  o f th e  sa te l l ite  m easu rem en t  from  the  m od el  
s im u la t io n .  If one neglects th e  e r ro r  in th e  model s im u la tion  and  th e re  is no e r ro r  
in th e  sa te l l i te  m e a su re m e n t ,  th is  ra t io  should  be unity . This ra t io  is com parab le  
for all sa tellites  and  can  be used for in-flight ca lib ra tion .
W e have  investiga ted  the  c lear sky  reflectances betw een  April an d  A ugust.  1998. 
and  tw o  cases a re  shown in F igure  5.17. C ase  1 is th e  com parison  w ith  X 0A A -1Q  
and  XOA A -14 reflectances on J u n e  15. 1998. over S H E B A , w here  surface a lb edo  
is set a t  0.67 (at 0 .86 //m) from th e  m easu red  averaged  albedo a long  a scan line 
of 200 m  by Perovich et  al. (1999). XOAA-IO d a ta  a re  o b ta in ed  from  the  A R M  
A rch ive . T he  sa te l l i te  overpass inc ludes  100 by 100 pixels. T h e  lower panel o f 
F ig u re  5.17 shows th e  com parison  o f XOAA-12 w ith  XOAA-14 on M ay 24. 1998. 
over S H E B A , w here  th e  surface a lb e d o  is 0.76 at 0.S6 ;/m  from Perovich  et al.
( 1999). T h is  a lbedo  corresponds to  a  snow surface w ith  grain  size o f 200 / /m an d  
m ass-frac tion  of soot 0.05 ppm w . F rom  th e  com parisons  of these  two cases, we 
found th e  reflectance in channel 2 o f  XOAA-14 A V H R R  is 10-20 % higher t h a n  
m odel s im u la tions  an d  the  m e a su re m e n ts  by X OA A -10 and  X O A A -12. F igu re  
5.17 a lso  shows th a t  th e  reflec tance  o f XOA A-10 A V H R R  channel 1 is lower th a n  
th e  m o d e l  s im u la tions  by abou t 10%. For X OA A-12. no post- launch  rad io m etr ic  
c a l ib ra t io n  over t im e  is available, so we m ake  an e s t im a te  of the  sensor d eg rad a t io n  
over t im e  by ru n n ing  regressions over  several A V H R R  channel d eg rad a t io n  ra tes  
p ro v ided  by ISCC'P. T h e  average o f  th e se  regressions suggests th a t  we correct th e  
ch an ne l  2 radiances by a factor o f  1.3S. O n  average, th is  c a lib ra ted  reflectance in 
ch an n e l  2 of XOA A-12 is abo u t  5% lower th an  m odel s im ula tion .
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F i g u r e  5 .1 2  R e la tio n  o f  A V H R R  d e riv e d  r r to  th e  low er w a te r  cloud  r K ( u p p e r  p ane l) a n d  c lo u d  o p tic a l d e p th  ( lo w e r p a n e l) .  C irru s  p ro p e r t ie s  a re  he ld  c o n s ta n t w ith  D ,  =  60 p m . =  0 .2 (0 .86 p m )  lo c a te d  
a t  7-8 km .
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F i g u r e  5 .1 3  V a ria tio n  o f  in -s itu  cloud  effec tiv e  d ro p le t size m e a su re d  by F S S P  on  C -130 a t  M ay -1. 
1998 a n d  th e  h is to g ram  .
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F i g u r e  5 .1 4  C o lo r im ag es  o f  r  a n d  r ,  d e riv e d  fro m  N O A A -14  A V H R R  o v e rp ass  o n  M ay  4 a t  22:50 U T C  o v e r  S H E B A  (100 *100) .
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F i g u r e  5 .1 5  A s in F ig u re  5 .13 . b u t  a t  M ay 2 7 /2 8 .  1998.
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F i g u r e  5 .1 6  C o lo r  im a g e s  o f  B T D 3 4  a n d  th e  re tr ie v e d  r c fo r  A V H R R  o v e rp ass  o n  M ay  27 a t  23:38 U T C  o v e r S H E B A  (100  *100) .
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F i g u r e  5 .1 7  R a tio  o f s a te l l i te -m e a s u re d  re fle c ta n ce  a t  th e  T O A  to  m o d el s im u la tio n s  in  ch ann e ls  1 a n d  2 for th e  c o m p a r iso n  o f N O A A -1 0  w ith  -14 on  J u n e  15. 1998 (su rfac e  a lb e d o  is se t as  0 .67  a l 0 .86  p m )  (u p p e r  p a n e l) ,  a n d  th e  c o m p a r is o n  o f  N O A A -12  w ith  -14 on M ay 24. 1998 (su rfa c e  is se t as  snow  w ith  r .= 2 0 0  p m  a n d  s t= 0 .0 5  p p m w ) ( lo w er p a n e l) .
5.4.3 Comparison of Cloud Retrieval from AV H R R  and 
M AS
T he  S H E B A  and  F IR E  d a t a  se ts  give us an  o p p o r tu n i ty  to  valida te  A V H RR re­
trieval p rincip les  and  m e th o d s  th rough  com parison  w ith  c loud retrieval from the
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M OD IS A irb o rn e  S im u la to r  (MAS) d a ta .  MAS is a  m odified  D aedalus W ildfire 
scann ing  sp e c tro m e te r  which flies on a  N A SA  ER-2 high a l t i tu d e  research a ircraft  
and  provides spectra l in fo rm ation  sim ilar  to  th a t  p rov ided  by th e  M o d e ra te  Res­
o lu tion  Im ag ing  S p ec tro rad io m ete r  (M O D IS ) launched  on th e  EO S-A M  p la tfo rm . 
MAS acqu ires  high sp a tia l  resolution im agery  with a  sp a t ia l  resolution  o f  abou t 
40-50 m . a n d  has 50 channels  in the  range  between 0.55 a n d  14.3 /im . Therefore , 
it is e x p e c te d  th a t  MAS will yield b e t t e r  retrievals o f  c loud  optica l d e p th  and  
d rople t effective radius because: (1) th e  sensor has d irec t  rad io m etr ic  ca lib ra tion  
in all channels : (2) th e  1.62 /nm channel allows for c loud  p hase  and  p a r t ic le  size 
re trieval w ith o u t  error associa ted  w ith  a  th e rm a l  ra d ia t io n  com po nen t:  a n d  (3) 
the  high sp a tia l  resolution (50 m) shou ld  m ake M AS re tr ieva ls  less suscep tib le  
th a n  A V H R R  to errors associa ted  w ith th e  single-pixel a p p ro x im a tio n  for a  given 
geograph ic  area.
C loud  retrieval a lg o r i th m s for MAS a re  in principal s im ila r  to  A V H R R  as de­
scribed before, but s im p le  because th e  1.62 p m  chan ne l  is used in s tead  o f  the  
A V H R R  3.7 p m  channel, so no efforts a re  required  for th e  ca lcu la tion  o f t h e  th e r­
mal c o m p o n en t .
For valida tion , two overpasses of A V H R R  and  co lloca ted  M AS flight t ra ck s  over 
S H E B A  a re  considered. O n e  is the  N OA A -14 overpass o ccu rred  at 22:34 ETC ' on 
•June 2. 1998. and  ano th e r  one  is the  N O A A -12 overpass a t  20:40 ETC’ on J u n e  3. 
1998. T h e  MAS overflight tracks th a t  bes t m a tch  these  sa te l l i te  overpasses in t im e 
and  space  a re  track  9 on J u n e  2 (20:24 - 20:37 ETC') a n d  t rack  6 on J u n e  3 (20:34 
- 20:49 ETC ') .  Both A V H R R  images w ith  overlaid  M AS flight tracks  are  show n in 
Figure 5.18.
F igures  5.19 and 5.20 dep ic t  A V H R R -based  re tr ieva ls  of cloud o p tica l  d ep th  
and effective droplet rad ius  for the  J u n e  2 and  J u n e  3 case, respectively . W h a t  
is im m e d ia te ly  a p p a ren t  in these im ages is the  large v a r iab il i ty  in c loud optica l
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1 4 8
F i g u r e  5 .1 8  A V H R R  c h a n n e l  4 c o lo r  im ages w i th  o ve rla id  M A S f lig h t tra ck s  ( th in  s o lid  lin e ), fo r  22:34 U T C  o n  J u n e  2 (le ft p a n e l) ,  a n d  20 :40  U T C  o n  J u n e  3, 1998 ( r ig h t  p a n e l)  .
d e p th ,  a n d  hence  c loud  liquid  w a te r  p a th ,  over sp a t ia l  scales o f  t h e  o rd e r  o f  10 
km . in typ ical A rc t ic  s t r a tu s  cloud decks . In the  J u n e  2 case, t h e  c loud  o p tica l  
d e p th  so m etim es  varies betw een  25 a n d  60 w ith in  a  few pixels. In  th e  J u n e  3 
case, th e  overall ra n g e  in c loud  op tica l  d e p th  is not as  large, bu t t h e  c loud  op tica l  
d e p th  o ften  varies by  a  fac to r  of tw o (20 - 40) w ith in  a  few pixels . B o th  cases 
show a s im ila r  ra n g e  o f  variab ili ty  in effective d ro p le t  rad iu s  (a p p ro x im a te ly  6 - 1 4  
m ic ro ns) .  T h e  c o r re sp o n d in g  retrievals from  the  M A S flight t rack s  o n  J u n e  2 a n d  
J u n e  3 (figures n o t  show n) show a s im i la r  range o f  va r iab il i ty  in b o th  c loud  op tica l
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d e p th  a n d  effective rad ius over only a  few pixels ( spa t ia l  scales sm a l le r  th a n  1 km ).
10 20 30 40O ptical d e p th 2 4 6 0 10 12 14r. (yu.m)
F i g u r e  5 .1 9  C o lo r im ages o f r e tr ie v e d  r  ( le ft p a n e l)  a n d  r c ( r ig h t  p a n e l)  from  th e  N O A A -1 4  A V H R R  p a ss  o n  J u n e  2. 1998 a t  22:34 U T C  .
In F igures  5.21-5.24, for th e  J u n e  2 a n d  J u n e  3 cases respectively , th e  MAS 
re trievals  o f cloud optica l d e p th  and  effective d rop le t  rad ius a re  averag ed  to  the  
reso lu tion  of th e  A V H R R  d a ta ,  and  averaged  across th e  flight t ra c k ,  a re  p lo tted  
w ith  th e  A V H R R  retrievals along th e  flight track . In b o th  cases, th e  MAS and  
A V H R R  retrievals of effective radius co rre la te  well th ro u g h o u t  m o s t  o f th e  flight 
tracks. At th e  beginning  a n d  end  in th e  J u n e  3 case we see a  la rger var iab il i ty  and  
largest d iscrepancies be tw een  effective rad ius  re trievals , bu t  th e re  is no  obvious
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F i g u r e  5 .2 0  A s in  F ig u re  5 .19 , b u t fo r th e  N O A A -12  A V H R R  p a ss  on  J u n e  3 ,1 9 9 8  a t  20 :40  L T C  .
overall bias in th e  A V H R R  retrievals as com pared  to  MAS a n d  th e  difference is 
a b o u t  2 f im.
In th e  Ju n e  3 case, we see th a t  th e  A V H R R  re tr ieva ls  o f o p t ic a l  d e p th  are  larger 
t h a n  M AS retrievals by ab o u t  50% on  average. In  th e  Ju n e  2 case, th e  AVHRR 
re tr iev ed  optica l d e p th  a re  sm aller t h a n  MAS re tr ieva ls  by a b o u t  40% on average. 
O ne  possible reason for th is  d isag reem ent m ay  b e  d u e  to  t h e  ca lib ra tio n  error 
because  th e re  is no t p o s t  ca lib ra tion  for NOAA-12. T h e  larger v a r iab il i ty  (a  factor 
o f 3) in cloud optica l  d e p th  along th e  flight t rack  on  J u n e  3 is less su rpris ing ; Figure
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5 . IS shows th a t  th e  c loud top  brightness t e m p e ra tu r e  varies b e tw ee n  260~270  K 
a long  th is  flight track . T h e  MAS and  A V H R R  re trievals  o f  c loud  op t ica l  d e p th  
co rre la te  very well, b u t  w ith  an apparen t bias in th e  A V H R R  re tr iev a l .  Figure 5. IS 
shows th a t  a long  th e  final 1 /5  o f the  flight track ,  th e  scene b r ig h tn e ss  t e m p e ra tu r e  
is un ifo rm  a t  270 K. In th e  AVHRR d a ta  a t 1 km  reso lu tion , th is  is am biguous, 
and  th e  A V H R R  cloud m ask ing  technique identified all o f  these  p ix e ls  as cloudy. 
However. F igu re  5.18 shows th a t  most of the  MAS pixels in th e  final 1 /5  o f the  flight 
t ra ck  ( to w ard  th e  top  o f th e  figure) are identified as cloud-free. T h u s ,  th e  A V H R R  
pixels in th is  p a r t  o f  th e  flight track p robab ly  con ta in  broken c lo u d  cover, an d  
th e  A V H R R  re tr ieva ls  o f  op tica l  dep th  should be considered  in a c c u ra te .  Sim ilarly. 
F ig ure  5 . IS suggests  t h a t  m an y  of the  A V H R R  pixels n ear  th e  e n d  o f  the  flight 
t ra ck  on J u n e  2 m ay  also be partia lly  cloudy, a n d  in F igure  5.23 w e see th a t  th e  
high bias in th e  A V H R R  optica l dep th  retrievals is largest (a  fa c to r  o f  two) a t th e  
end  o f th e  flight t rack .  T h e  high bias in cloud op tica l  d e p th  re t r ie v e d  from th e  
A V H R R  d a ta  on  J u n e  3 is significant, because it is th e  likely th e  re su l t  of only  a 
sm all e r ro r  in channe l 2 rad iance  calibration.
If we use th e  re trievals  to  es t im a te  th e  cloud liquid  w a te r  p a th  u s in g  eq. (4.6). 
we find th a t  t h e  d iscrepanc ies  between th e  A V H R R  an d  MAS e s t im a te s  are con­
s is ten t ly  of th e  o rd e r  100 g m ~ 2 (figure o m it te d ) .  T h u s  sm all e rro rs  in rad io m e tr ic  
ca l ib ra t io n  can  lead to  unaccep tab ly  large errors in m icrophysica l  p a ra m e te r s  re­
tr iev ed  from  th e  A V H R R  d a ta .  If one exam ines closely a n d  in te rc o m p a re s  the  t im e-  
d ep e n d e n t  p os t- lau n ch  rad iom etr ic  correction functions  given by IS C C 'P  (B rest a n d  
Rossow. 1991). N O A A  (R ao  and  Chen. 1996). a n d  o th e rs ,  one  will ro u t in e ly  no tice  
rad ian ce  d isc repanc ies  o f o rder  5% between th e m . T h e re  is a lso  a dd it io na l  u n ­
c e r ta in ty  im p lied  by th e  s c a t te r  within the  em p ir ica l  functions o f  ra d ia n c e  versus 
t im e  t h a t  form  th e  basis for these post-launch  correc tions. T h is  u ndersco res  th e  
value of th e  F IR E  M AS d a ta  set as a  ca lib ra tion  s ta n d a rd  for t h e  A V H R R  so lar
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b a c k s c a t te r  channels d u r in g  SH E B A .
5.5 A p p lica tio n  and  R e su lts
To fu r th e r  v a lida te  our c loud re trieval a lg o r i th m  and to  s tu d y  th e  seasonal varia tion  
o f  cloud p ro p e r t ies  in th e  Arctic , the  c u r re n t  a lg o r i th m s are  app lied  to  1 o r 2 
X O A A -14 n ea r  overhead  passes per day  w ith  the  cen te r  on th e  S H E B A  Ice C am p . 
T h e re  a re  m u lt ip le  overpasses everyday, b u t  only th e  near overhead  passes, in 
which th e  v iew  angle is close to  zero, are  chosen. C a lib ra t io n  of X O A A-14 A V H R R  
channel 2 is app lied  using th e  d a ta  p rov ided  by Rao a n d  C hen  (1999).
T h e  c lo u d  retrieval p ro ced u re  consists  o f  th e  following steps:
1. C loud  Mask: d isc r im in a tio n  of c lo u d y /c le a r  sky  a n d  iden tif ica tion  of snow 
surface .
2. Surface  p rope rty  retrieval:
•  snow  grain size and  mass f rac tion  o f  soot for each  snow pixel:
•  surface  a lbedo  in channel 2 a n d  th e  b ro ad b an d  a lb edo  for c lear pixels 
o th e r  than  th e  snow surface:
•  su rface  t e m p e ra tu r e  using th e  p rocedure  o f  K ey et al. (1997).
3. S e t t in g  surface variables:
W h en  th e  fraction o f  clear pixels is larger th a n  10%. we will re tr iev e  th e  
su rface  albedo, t e m p e ra tu re ,  snow gra in  size a n d  soot in th e  w hole  scene. 
T h e  averaged  values will be used to  se t th e  lower b o u n d a ry  for c loud  re trieval. 
If t h e  fraction of c lear pixels is less th a n  10%. th e i r  re p re se n ta t iv i ty  of th e  
w hole  im age is su sp ec t ,  so default values are  used. T h e  defau lt  a lb edo  is from
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Perovich  e t  al. (1999). a n d  the  default su rface  tem p e ra tu re  is from S H E B A  
m easu rem en ts .  In A pril  a n d  May. the  chan ge  in surface conditions is sm all,  
so th e  snow grain size a n d  soot from th e  m ost recent day  are used as the  
defau lt  values.
4. C loud p ro p e r ty  retrieval:
S im u ltan eou s  retrievals of cloud effective radius, cloud optical d e p th  and  
cloud to p  te m p e ra tu re  a re  carried  out using  C’RAS d ur in g  April - May. and  
C'RAL d u r in g  Ju n e  - A ug us t.  An average for 30 by 30 pixels over S H E B A  is 
m ade.
5.5.1 Seasonal Variation of Cloud re and r
O u r  a lg o r i th m s  were applied  to re trieve the  c loud  properties for 1 or 2 N O A A - 
14 overpasses per  day over th e  SH EB A  Ice C a m p .  T he re trieved  c loud  op tica l  
d e p th ,  effective radius and  cloud top  te m p e ra tu re  (averaged for 30 by 30 pixels 
over the  S H E B A  Ice C am p) a re  shown in F igures 5.25 and  5.26. For com parison ,  
t h e  cloud o p tica l  d ep th  re tr iev ed  from downwelling solar rad ia t ion  m easu red  at 
S H E B A  is also p lo t ted  (u p p e r  panel of Figure 5.25). It is very in te res t ing  to  no te  
th a t  for A pril  a n d  May before th e  onset o f  snow melt, sa te ll i te  re tr ieved  cloud 
op tica l  d e p th  is ove res t im a ted  by a factor of 2-3 on average. O ne  possible reason 
is th e  p resence  o f  ice crystals  over w ater clouds, as was po in ted  out by C u r ry  et al. 
(1996). In o u r  retrieval, only th e  c irrus or p a r t ly  cloud pixels a re  not re tr ieved , and  
for o th e r  pixels, like cirrus over w a te r  or m ixed  phase clouds, we t re a te d  it as one 
hom ogeneous w a te r  clouds a n d  a n d  retrieved its properties. A fte r  snow begins to 
m elt  in J u n e .  A V H R R  retrieval is in good ag reem en t with surface re trieval. T hese  
resu lts  are  con s is ten t  w ith  resu lts  from ISCC'P (C u rry  et al.. 1996).
T h e  h is to g ram  of cloud effective radius shows th a t  r e of th e  highest frequency
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is 11.6 f-im. T h e  cloud top  t e m p e ra tu r e  lies between 250-270 K. and  it ten d s  to 
increase w ith  th e  progress o f  th e  m elt season until th e  m e l t in g  is fully developed  
at th e  end  o f June .
5.6 Sum m ary an d  D iscu ssio n
In this ch a p te r ,  two a lg o r i th m s  using A V H R R  channel 2. 3 and  4 a rc  developed  
for s im u ltan eo u s  retrieval o f  th e  cloud op tica l  d ep th ,  effective droplet rad iu s  and 
cloud top  te m p e ra tu re  for c louds overly ing a  snow su rface  an d  a  L am b er t  surface, 
respectively.
Since sa te l l i te  rem ote  sensing  n orm ally  assum es th e  c loud  to be o ne  hom o­
geneous layer and  relies on p lane  parallel RTM s. b roken  cloud cover a n d / o r  the  
inhom ogeneous vertical s t ru c tu re  of cloud a re  not considered . To acco u n t  for the  
influence o f cloud cover, c loud  vertical inhom ogeneity , c loud  phase, s a te l l i te  m ea­
su rem en t  a n d  snow surface B R D F  on th e  cloud re tr ieva ls ,  a series o f num erica l  
e x p e r im e n ts  a re  carried o u t  to  exam ine  th e  u n c e r ta in ty  o f  cloud re tr ieva l  from 
A V H R R . V alidation  of th e  cloud re tr ieva ls  was m a d e  aga ins t  the  a irc ra f t  m ea ­
su rem en ts  a n d  o ther  re trieval results. T h ese  two a lg o r i th m s ,  to g e th e r  w ith  the  
a lg o r i th m s for cloud m ask  a n d  surface retrievals, a re  em p lo y ed  to s tu d y  th e  sea­
sonal varia tion  of cloud p rope rt ie s  in th e  high A rctic  O cean . From th ese  s tud ies , 
we m ake th e  following conclusions:
1. I 'n c e r ta in ty  in sa te l l i te  m easu rem en ts  re lated  to  ca lib ra tion  issues is the  
biggest source of u n c e r ta in ty  in th e  sa te llite  r e m o te  sensing of c louds  and 
the  su rface  as well. For a  5% e rro r  in sa te ll ite  m e a su re m e n t  of /?•>* th e  error 
in th e  re trieved r  is 20-30% for th ick  clouds, a n d  a b o u t  40-50% for r  =  20. 
w hereas for a th in  c loud  such as r  =  2. it can be  as large as 80-90%. T he  
s tro n g  sensitivity  o f c loud  optica l d e p th  to the  sa te l l i te -m easu red  rad iances
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requires  a  re-evaluation  o f  th e  previous research re su l ts  in which N O A A -14  
A V H R R  chan ne l  1 and  2 w ith  ca lib ra tion  from Rao a n d  C hen (1996) were 
used in th e  pas t several years ,  a t least from  1996-1999. T h e  re flec tance  in 
channels  1 a n d  2 is o ve re s t im a ted  by 10 - 209c from  o u r  e x a m in a t io n  of 
X O A A -10. 12 a n d  14. A revised ca lib ra tion  of N O A A -14  A V H R R  by Rao 
and  C h en  (1999) is close to  our e s t im a t io n ,  and is rec o m m e n d e d  to  be used. 
T h e  m e th o d  we developed  for the  ca lib ra tion  of A V H R R  can  also be  used for 
real t im e  cross-ca lib ra tion  o f  o th er  sa te l l i te  sensors.
2. C loud d isc r im in a tio n  from  snow /ice  su rface  is m uch m o re  difficult t h a n  from 
o th e r  low a lb edo  surfaces. Im provem ent in the c loud  m ask , espec ia lly  th e  
iden tif ica tion  o f par tly  c louds  and  cloud phase, in th e  p o la r  regions is requ ired  
because  p a r t ly  cloudy s i tu a t io n s  with a certa in  c loud  cover frac tion  resu lts  
in an  o v e re s t im a te  o f r e a n d  an u n d e re s t im a te  o f r .  O u r  analysis  shows 
th a t  for a c loud  cover frac tion  of O.S. r e is o ve re s t im a ted  by 259c. a n d  r  is 
u n d e re s t im a te d  by as m u ch  as 2691.
3. U n ce r ta in t ie s  associa ted  w ith  inhom ogeneous cloud s t ra t i f ic a t io n ,  m u l t i la y ­
ered c loud  s t ru c tu re  a n d  cloud phase have  large influences on th e  re tr ieva l 
results . T h e  increase o f  rr from cloud b o t to m  to top  re su l ts  in an e r ro r  in the  
re tr ieved  r  o f  5-10%. S a te ll i te -re tr ieved  rf, is S0-909c o f  a t  th e  c loud  top . 
T h e  c o n ta m in a t io n  of c ir ru s  influenced th e  cloud re tr ieva l m ore  significantly . 
If th e re  is c ir rus  with > 0 .5  over low w ate r  clouds, it is a lm ost im poss ib le  
to use A V H R R  to  get re l iab le  inform ation  abou t  th e  u nd e r ly in g  w a te r  clouds. 
For rcl =  0.2 a n d  when th e  lower w a te r  cloud o p t ica l  d e p th  is la rge r  th a n
6. th e  re t r iev ed  cloud d ro p le t  effective rad ius is o v e re s t im a te d  by 20-309c. 
and  th e  re t r iev ed  r  is u n d e re s t im a te d  by 509c or m ore . M oreover, i ts  effects 
on th e  e s t im a t io n  of c loud  rad ia tive  forcing is s ign ifican t, as we will see in
Loo
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C h a p te r  6.
4. T h e  effects o f snow bidirectional reflectance on th e  re trieval o f  r  is sm all  
when th e  view angle  is sm aller th a n  10°. For r  >  4. the  use o f  a  Lam bert 
a p p ro x im a t io n  to  surface reflectance will result in 5% erro r in th e  re trieved  
r  and  rf .
5. V alidations o f th e  re trieved cloud optica l d ep th  and  the  effective d rople t 
rad ius w ith  in-situ  a ircraft  XC'AR C-130 m easu rem en ts  a n d  rem o te  sensing 
resu lts  from  M AS on XASA ER-2 show th a t  th e  re trieved  effective rad ius 
from A V H R R  is close to  the  true  value, but an  unrea lis tic  c loud op tica l  d ep th  
is o b ta in e d  if th e re  is an ice cloud. For pure  w a te r  clouds, th e  re trieved  r  is 
consis ten t w ith  surface  retrievals.
6. C om pariso n  o f  th e  AVH RR retrieved  effective d rop le t  rad ius  and  optica l 
d e p th  w ith  th a t  re tr ieved  from collocated  MAS d a ta ,  shows th a t  th e  effective 
d ro p le t  rad ius  derived  from the  A V H R R  3.75 /rm  channel genera lly  agrees 
well w ith  th e  re trieval from the  MAS 1.62 / im  channel. B u t th e  re trieved  
op tica l  d e p th  ten d s  to  be larger th a n  th a t  re tr ieved  from th e  M AS data .
7. T h e  seasonal varia tion  of cloud optica l d ep th  an d  effective d rop le t  rad ius 
from 1 o r 2 n ea r  overhead  satellite  passes betw een  April an d  A ugus t.  1998. 
is derived . C om parison  of cloud optica l d ep th  inferred from  A V H RR  w ith  
su rface  re trieval from  downward solar rad ia t io n  m e asu rem en ts  d em o n s tra te s  
th a t  in April an d  M ay  before the  onset o f  snow m e lt .  A V H R R  re trieved  cloud 
op tica l  d e p th  is 2-3 t im es larger than  the  surface  re trieval, b u t  from  late J u n e  
to  A ugus t ,  th e  op tica l  dep ths derived from these  two m e th o d s  a re  re latively  
consis ten t.
A large d ifference in spa tia l  resolution, th e  use o f different channe ls  and  cali-
156
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b ra t io n  e rro r  are th e  m a in  reasons for th e  d iscrepancy  betw een A V H R R -re tr ieved  
r, and  C-130 FSSP in-situ  m easu rem en ts ,  and  b e tw een  A V H R R -re tr ieved  values of 
r  and  those  inferred from  several o th e r  rem ote  sensing techniques. A n o th e r  reason 
for th e  difference be tw een  optical d e p th  inferred from  A V H R R  r  and  surface  re­
trievals  m ay  be the  m e th o d s  them selves as the  sa te l l i te  rem o te  sensing is based  on 
th e  re flec tance  while t h e  surface re trieval is based on th e  t ra n s m it ta n c e .  However, 
even a f te r  considering  all the  uncerta in tie s  discussed before, it is still difficult to 
exp la in  the  large overest im ation  of r  in April - M ay over th e  cen tra l  A rc tic  O cean.
In these  a lgo rith m s, use of p lane-parallel RTM s for re trievals of c loud op tica l  
d ep th  a n d  effective rad iu s  m ay not im m ed ia te ly  a p p e a r  to  be unreasonab le . T h e  
iden tif ica tion  of p a r t ia l ly  cloudy pixels in high l a t i tu d e  A V H R R  d a t a  m ay  be one 
of th e  m ost  im p o r ta n t  challenges. A n o th e r  challenge is th e  set o f  su rface  reflection 
p ro pe r t ie s  an d  its t e m p e ra tu r e  because  th e  surface becom es very inhom ogeneous 
a fter  th e  onset of snow m elt.  As th e  n u m b er  of A V H R R  channels is l im ited  and  
the  chan ne ls  are b road , th e  availability  o f more channe ls  from new sensors will 
im pro ve  o u r  ability  to  m on ito r  the c loud m icrophysical p roperties  from space. For 
e xam p le ,  th e  1.3S /im  channel in M O D IS  is good for c irrus de tec tion ,  an d  use of 
th e  1.6 /zm channel availab le  on XOAA-15 could im p ro ve  the  e s t im a te  of c loud  r  
over sn o w /ice  surface, bu t we have difficulties re tr iev ing  re due  to  the  lack o f a  3.75 
//m chan ne l  on X OAA-15 during th e  day tim e. M ore validations will be  required  
to im pro ve  cloud retrievals  using these  new sensors.
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C hapter 6 
Solar R adiation  B u d get in th e  
A rctic
6.1 In tro d u ctio n
Studies  o f th e  Solar R ad ia tion  Budget (S R B ) in the  A rc tic  provide a  basis  for un ­
d e rs tan d in g  energy exchange and  t ra n sp o r t  in the A rc tic  e a r th -a tm o s p h e re  system . 
However, th e  effects o f c louds on the  rad ia t io n  are very com plex  in th e  A rc tic ,  p a r­
t icu la r ly  due  to th e  presence of the  highly  reflecting snow and  ice. th e  ab sen ce  of 
solar rad ia t io n  for a large portion  of the  year,  low te m p e ra tu re ,  and  th e  p resence  of 
t e m p e ra tu r e  inversions (C u rry  el al.. 1996). The m ost com prehens ive , long-term  
in fo rm ation  on A rctic  rad ia t iv e  fluxes is nearly  30 years old (K ey  et al.. 1997) and  
based on  a spa rse  netw ork  o f drifting  s ta t io ns ,  ice is lands and  coastal s ta t io n s .  In 
view o f  th e  sparse  surface m easu rem en ts  o f rad ia tion  in th e  A rctic , its m on ito ring  
bv th e  use of sa te ll i te  rem o te  sensing techniques is of p a r t ic u la r  im p o r ta n ce .  1. n- 
fo rtuna te ly . polar clouds present unique challenges for sa te l l i te  rem o te  sensing , and  
the  largest  d isag reem ents  in the  ISCC’P  (In te rn a t ion a l  S a te l l i te  C loud C lim ato lo gy  
P ro je c t)  c loud p roperties  and  the  E R B E  (E a r th  R ad ia tio n  B udget E x p e r im e n t)
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c lo u d -rad ia tiv e  forcing o ccu r  in th e  p o la r  regions (e.g.. Rossow et at.. 1993: Ra- 
m a n a th a n  et at.. 1989). Therefore, a  th o ro ug h  eva lua tion  o f th e  SRB deriva tion  
from sa te l l i te  d a ta ,  a n d  its  valida tion  w ith  surface m easu re m e n ts  from  SH E B A  
and A R M  d a ta  sets a re  essen tia l to  im p ro ve  th e  curren t a lg o r i th m s  before they  are 
applied  to  derive  a c lim atological d a t a  base o f  th e  A rc tic  S R B .
D uring  th e  last decad e , significant progress has been m a d e  in developing m e th ­
ods to d er ive  the  S R B  p a ram e te rs  from  sa te l l i te  observa tions . Review of these 
techniques  was provided by Schm etz  ( 19S9. 1991). Raschke e t  al. (1992). Schweiger 
and Key (1992). P inker a n d  Laszlo (1992) and  P inker et al. (1995). T h e  precision 
of D ow nw ard  Surface Shortw ave R a d ia t io n  (D SSR ) fluxes is w ithin  20 W / t n 2 or 
b e t te r  on m o n th ly  t im e  scales, or I0%c for th e  daily  average. M ethods  for deriv ing  
the Net S urface  Shortw ave R ad ia tion  (X SS R ) fluxes from  sa te l l i te  observa tions arc 
prom ising , b u t  needs to  be fu rther e v a lu a te d  (P in k er  et at.. 1995).
T h e  X S S R  is defined as th e  difference betw een  the  d ow nw ard  and th e  upwelling 
shortw ave  rad ia t ion  fluxes a t  the  surface . It describes th e  energ y  exchange  at the  
surface. In principle, th e  XSSR can  be  e s t im a te d  d irec tly  from  sa te llite  m easu re ­
m ents . o r  from  the  D SSR  and  the  su rface  a lbedo  ( a s ):
X S S R  =  D S S R  * (1 -  a s ). (6.1)
Since th e  knowledge o f a lbedo is a  p re requ is i te  for b o th  the  d e te rm in a t io n  
DSSR fluxes and  cloud optica l p ro pe r t ie s ,  th e  e rro r  in a lb e d o  could ac cu m u la te  
to affect th e  above e s t im a te  of X SSR  (Cess and  Wilis. 1989: Cess e t a l. .  1991: 
Sellers et at.. 1990). Therefore , a poss ib ly  b e t t e r  ap p ro ach  is to  derive th e  XSSR 
d irec tly  from  sa tellite  observa tions a t  th e  T O A . As re p o r te d  by m any investiga to rs  
(R a m a n a th a n .  1986: Cess and  Vulis. 1989: Cess et at.. 1991: S chm etz. 1993: Li 
et at.. 1993). the  re la t ion sh ip  betw een  X SSR  a t  the  T O A  a n d  at th e  su rface  is 
a lm ost l inear .  Based on c l im a te  m o del resu lts . R a m a n a th a n  (19S6) found a  sim ple
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p ro p o r t io n a l i ty  betw een th e  net fluxes a t t h e  T O A  a n d  a t  th e  surface. By using a 
d e l ta -E d d in g to n  m odel for th e  rad iative t ra n s fe r  ca lcu la t ions . Cess and  Vulis (1989) 
found t h a t  th e  re la t ionsh ip  is linear but req u ired  an offset u n d e r  c loudy  conditions. 
F u r th e r  investiga tion  by Cess and  co-workers (1991) show s th a t  th e  re la tionsh ip  
is m o d e ra te ly  sensitive to  a tm ospheric  w a te r  vapor a n d  aerosol con ten t  b u t  very 
sen s it ive  to  th e  n a tu re  o f  th e  surface and  th e  cloud o p t ic a l  th ickness . However, 
a f te r  c a r ry in g  ou t ex tens ive  rad ia tive  m od eling  for d ifferent surface, a tm osph ere ,  
and  c lou d  cond it ions w ith  an  accu ra te  d oub ling -add ing  m odel. Li and  co-workers 
(1993) found  a  linear re la t ionsh ip  for a fixed solar z e n i th  angle. T h e  re la tionsh ip  
d ep e n d s  s tro ng ly  on solar zen i th  angle, m o d era te ly  on p re c ip i ta b le  w a te r  an d  cloud 
type ,  a n d  is ind epen den t  o f  cloud optica l th ickness a n d  surface  albedo . O th e r  
factors , such as optica l thickness, cloud top  a l t i tu d e  (S chm etz .  1993). am o u n t  
of w a te r  vapor and  aerosols (Laszlo and  P in ker .  1994). m ay  influence th e  linear 
re la t ion sh ip  a n d  need to be  considered for a c cu ra te  assessm en t o f N SSR  from  TO A  
m e a su re m e n ts .
All m e th o d s  available to  derive the  shortw ave  ra d ia t io n  b udget from  space- 
borne  m e a su re m e n ts  could  be categorized into  two kinds: (1) e m p ir ic a l /s ta t i s t ic a l  
m odels: a n d  (2) th eo re tica l/p h y s ica l  m odels. T h e  e m p ir ic a l / s ta t i s t i c a l  m odels are 
easy to  im p le m e n t ,  bu t  th e y  are  site specific, and not well su ited  for global im ­
p le m e n ta t io n .  L:se of em p ir ica l  m ethods is especially  difficult since (1) surface 
m e a s u re m e n ts  a re  sparse  in th e  polar regions d ue  to t h e  hostile  en v iro n m en t ,  and  
we do  n o t  have d a ta  o f rad ia t io n  com ponen ts  a t  the  T O A  collocated  with SH E B A  
su rface  m easu rem en ts :  a n d  (2) the  surface a lbedo  changes significantly  d u r in g  the  
m elt season  a n d  the  em p ir ica l  relations sh ou ld  change as snow m elt progresses. 
O n th e  con tra ry ,  the  th eo re tica l/p h y s ica l  m odels can t r e a t  d ifferent a tm osph er ic  
and  su rface  cond itions once  all the  requ ired  input p a r a m e te r s  to  th e  rad ia t iv e  
t ra n s fe r  m odel can  be der ived  from sa te ll i te  d a ta .  T h e  th e o re t ic a l /p h y s ica l  m od­
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els consider th e  com plex  physical processes in th e  a tm osph ere  and  the  feedback 
of sn ow /ice  a lbedo , so it can help us u nd e rs tand  th e  effects of different processes 
and  has the  p red ic tive  capability. In th is  chap ter,  we only investiga ted  the  use  o f 
th e o re t ic a l /p h y s ica l  models to s tu d y  th e  SRB in th e  Arctic.
Because  of th e  difficulty in using curren t  sa te ll i te  observations to d isc r im in a te  
c lo u d y /c le a r  cond it ions  and the  difficulty in re tr iev ing  cloud a n d  surface op tica l  
p ro pe r t ie s  in th e  p o la r  regions, m ost m ethods  developed  to infer SRB from sa te l l i te  
m e asu rem en ts  a re  not applicable  in th e  Arctic (Li et al.. 1993). T h e  error in th e  
in ferred  fluxes o f  D SSR or NSSR is m uch larger a t  high la t i tu d es  th an  a t  lower 
la t i tu d e s  (P inker  et al.. 1995: Li et al.. 1993). L’sing a lgorithm s a lready  developed  
in previous chap te rs ,  we can d isc r im in a te  clouds, and  retrieve the  cloud an d  th e  
su rface  optical p roperties .  W ith  these  results as in p u ts  to the  R TM . SRB in the  
A rc tic  could be e s t im a te d  from forward  ca lcu lations using the  th eo re t ic a l /p h y s ica l  
m odel.  However, uncerta in ties  in th e  cloud m ask  a n d  in the  re trievals of su rface  
and  cloud optica l properties result in unce rta in ty  in the  SRB e s t im a tion .  Before 
a p p ly in g  these ca lcu la tions to e s t im a te  the  seasonal variation of SRB  over S H E B A , 
we first need to ana lyze  the  u nc e r ta in ty  o f SRB w ith  regard to u ncerta in tie s  in all 
ind iv idua l inp u t variables, and  th e  com bined  uncerta in ty , which can  be e s t im a te d  
from e rro r  analysis . Finally, the  theo re tica l/p hy s ica l  model is app lied  to ca lcu la te  
th e  seasonal varia tion  of SRB over S H E B A . Seasonal variation o f  th e  DSSR inferred  
from  sa te ll i te  d a t a  is com pared  w ith  SH EB A  surface  m easu rem ents .
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6.2  M e th o d  o f S R B  E stim a tio n  from  A V H R R
6.2.1 Theoretical/Physical M odel
Ideally, th e  ra d ia t iv e  transfe r  described  abo v e  could be ap p lied  to  c a lc u la te  the  
S R B  at th e  T O A  and  surface. T h e  sam e  R T M  as discussed before is used, which 
considers ra d ia t iv e  in te rac tions  w ith  a tm o sp h e r ic  gases, such  as COo. O3 . Oo.  an d  
w a te r  vapor, a n d  sca tte r ing  a n d  a b so rp t io n /em iss io n  by s t ra to sp h e r ic  aerosols, 
haze  partic les , a n d  tro pospheric  aerosols. R ad ia tiv e  t ran s fe r  ca lcu la t io n s  a re  ca r­
ried ou t by a  d isc re te -o rd in a tes  m e th o d  app licab le  for a  p lane-para lle l  v e r tica lly  
inhom ogeneous a tm o sp h e re -E a r th  system  (S ta m n e s  et  a h .  198S). W a te r  c loud 
o p tica l  p ro p e r t ie s  depend  m a in ly  on equ iva len t radius th ro u g h o u t  t h e  so la r  and  
te r re s t r ia l  s p e c t ru m  and are  insensitive to  t h e  deta ils  o f  th e  d rop le t  size d is t r ib u ­
tion . Hu an d  S ta m n e s  (1993) showed th a t  th e  optical p ro p e r t ie s  of w a te r  clouds 
can  be p a ram e te r iz ed  as a  func tion  of c loud l iqu id  w ater p a th  an d  equ iva len t  cloud 
d ro p le t  rad ius  in th e  range o f  radii 2.5-12 p m .  12-30 pm  a n d  30-60 p m  sep ara te ly .  
For ice clouds, th e  optical p ro pe r t ie s  are  c a lcu la ted  using th e  p a r a m e te r iz a t io n  of 
Fu an d  Liou (1993). Thus, if th e  cloud w a te r  con ten t ,  equ iva len t  rad iu s ,  m ix tu r e  of 
w a te r / ic e  p a r t ic le  percen tage  is available, th e  op tica l d e p th ,  th e  a s y m m e t ry  fac to r, 
a n d  the  single sca tte r ing  a lb edo  o f the  c loud  could be ca lcu la ted .  T h e  sc a t te r in g  
was descr ibed  by the  Henvev and  G reen s te in  (1941) p hase  function . T h e  solar 
s p e c t ru m  from  0.28 to  4 p m  is d iv ided  in to  24 bands, as defined by S lingo  (1989). 
w ith  unequal sp ec tra l  w id ths  which vary from  240 to  3040 c m -1 . T h e  sp e c tra l  
var ia t ion  of t h e  surface a lbedo  in these 24 b an d s  will be  considered .
W e will ca lcu la te  the  following co m p o n en ts  w ith  resp ec t  to  th e  S R B : (1) Net 
S hortw ave  R a d ia t io n  at th e  Top of a tm o s p h e re  (N SRT): (2) N et S ho rtw av e  Surface  
R ad ia tio n  N SSR: (3) Dow nw ard Surface Sho rtw ave  R ad ia tio n  DSSR: a n d  (4) Net
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Ir rad iance  g a in  (or net  a b so rp t io n )  in th e  a tm osph eric  co lu m n  (SF^tm)- which is 
defined as follows:
&F 2tm =  C'o * cos(0o) — UPTOA  — ySSFt. (6.2)
w here  C'o is th e  so lar c o n s ta n t ,  and  0o is the solar z e n i th  angle. F P T O A  is th e  
upw ard so la r  i r rad ian ce  a t  th e  T O A .
6.2.2 Input Variables and Their Uncertainties
Input var iab les  to  th e  th eo re t ic a l /p h y s ica l  model to c a lc u la te  the  S R B  inc lude  th e  
surface a lb edo , ab so rp t io n  t ra ce  gases such  as w ater v ap o r ,  ozone, aeroso l o r a rc tic  
haze, c loud  a m o u n t ,  and  cloud m icrophysica l p a ram e te rs  (effective d ro p le t  rad ius 
and o p t ic a l  d ep th ) .  Most o f  these  variables can be re t r iev e d  d irec tly  from  sa te l l i te  
m e a su re m e n ts  as we discussed  before, b u t  large u nc e r ta in t ie s  still ex is t  in th e  po lar 
regions.
1. A tm o sp h e r ic  Profile. O zone. W a te r  vapor and A rc t ic  Haze
T h e  su b -a rc tic  s u m m e r  m odel a tm o sp h e re  (M cC 'la tchey  et ah .  1971). as de­
sc r ib ed  above  was used while considering  the  v a r ia t io n  of o zone  a n d  w ate r  
v ap o r  con ten t .  Total co lu m n  ozone am o un ts  (O z)  is tak en  from c lim ato log ica l  
d a t a  co n ta in ed  in th e  ISCC’P C 2 (m on th ly )  c loud d a t a  p ro d u c ts  for th e  years 
19S4-1990. T h e  u n ce r ta in tie s  used in the  sen s it iv i ty  tes ts  a re  t h e  s ta n d a rd  
d ev ia t io n  for th e  s u m m e r  m on ths  poleward o f 62 .o" X la t i tu d e  (K ey  et al.. 
1997). H u m id i ty  profiles a re  taken  from the  S H E B A  rad iosonde  d a ta .  C o m ­
p ar ison  o f h u m id i ty  profiles from TOY'S with rad io sonde  d a t a  from  n o r th  
p o la r  d r if t ing  s ta t io n s  provides an  unce rta in ty  for P re c ip i ta b le  W a te r  (P W )  
o f  209c (K ey  e t  al.. 1997).
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For aerosols in th e  layer betw een  0 and  2 km we a d o p te d  the  "a rc t ic  aerosol" 
m odel of B lanchet  and List (1983): in th e  layers between 2 an d  9 km and  
between 10 a n d  30 km we use the  " tropospheric"  and  "s tra tosph eric  back­
g round" aerosols, respectively, from S h e tt le  and Fenn (1979). As th e  Arctic  
haze is an im p o r ta n t  fea tu re  in the  A rc tic  with a m ax im um  concen tra tion  
in late  spring (Shaw . 1982). Arctic  haze is inc luded. The op tica l  dep th  for 
A rc tic  haze is taken  to lie betw een  0.06 and  0.16 a t  0.50 p m  for su m m e r  and  
spring , respective ly  as used by Han et al. (1999). This value is consistent 
w ith  tha t  p rov ided  by Shaw (1985).
2. Surface Albedo
B oth  field m easu rem en ts  a n d  model s im ula tions ind ica te  th a t  snow exh ib its  
significant b id irec tiona l  reflectance properties , w hich  are m ore  pronounced  
at large solar zen ith  angles (e.g.. Grenfell et al.. 1994: B ran d t e t ah . 1991: 
Sergent et al.. 1993: Han e t  al.. 1999). T h e  b id irec tiona l effects over snow is 
considered in th e  RTM  as th e  snow is t re a ted  as o n e  add itional vertical layer 
w hen we ca rry  o u t  the  rad ia t io n  trans fe r  ca lcu la tions. Mie theo ry  is used 
to  get the  e x t in c t io n  coefficients and  the  phase function  assu m ing  the  snow 
g ra ins to be spherical partic les  (W iscom be and  W arren. 1980). As sm all,  
h igh ly-absorb ing  particles, p resen ted  in concen tra t ions  of only  1 ppm w  or 
less, can lower snow  albedo in the  visible by 5-15% from the  high values (96­
99%) p red ic ted  for pure snow, soot partic les in som e  concen tra t ion  of ppm w  
needs to be considered  (W'arren and  W iscombe. 19S0: W arren. 1982). Mean 
g ra in  size a n d  th e  m ass-fraction  of soot are  used to  describe th e  varia tion  of 
a lbedo , and th e  average g ra in  size lies in th e  range o f 40-100 p m  for new snow. 
100-300 p m  for finer-grained older snow, and 1000-1500 p m  for old snow 
near the  m e ltin g  point. T h e  m ass-fraction  of soot is in the  region of 0.02-2.5
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ppm w  (p a r ts  p e r  million by weight). Look-up  tab les  of a lbedo  over snow 
corresponding  to  the above range of g ra in  size, soot fraction a n d  varia tion  
o f solar z en ith  angle from 30 to  SO degrees were genera ted  th ro u gh  ex tens ive  
m odel com pu ta t ion s ,  and  th e  ac tua l  a lb edo  o f snow for a  specific g ra in  size, 
m ass fraction o f  soot and  solar zenith  ang le  will be ob ta in ed  th ro u g h  linear 
in te rpo la tion .
As discussed in C h ap te r  3. AV’H RR  d a t a  in channels 1 and  2 were used 
to  derive th e  snow grain size and  soot for snow surfaces. T hese  were used 
d irec tly  in th e  RTM for th e  coupled sn ow -a tm o sph ere  sys tem . For o th e r  
surfaces. AV'HRR channels 1 a n d  2 are  used  to  re trieve  th e  n ar ro w b and  su r­
face albedo in each channel individually, th e n  th ro u gh  th e  N T B  conversion 
to derive the  b roadb and  a lbedo . In c o n tra s t  to  th e  a lg o ri thm  developed  by 
Lindsay and  Rothrock  (1994). th is  m e th o d  to  re tr ieve  th e  surface a lbedo  d e ­
pends on th e  look-up tab les  and  an a c c u ra te  RTM  w ithou t an y  a dd it io na l  
a tm ospheric  correction  a n d  correction  of an g u la r  dependence. T h us ,  the  e r ­
ror s tem s exclusively from  th e  in te rpo la tion  in th e  look-up tab les  and  from  
th e  u ncerta in tie s  in the  in p u t  variables to  th e  RTM . T h e  N T B  conversion is 
one  of the  largest sources of uncerta in ty . U n ce r ta in ty  analyses d e m o n s t ra te  
t h a t  lack of onboard  ca lib ra tio n  is a n o th e r  large source of unce rta in ty ,  e sp e ­
cially  for snow surfaces. T h e  u n ce r ta in ty  o f  a lbedo  retrieval is a b o u t  1091 on 
average. Surface  albedo before the  onset o f  m elting  in Ju n e  is a b o u t  0.8. an d  
from .July to  S ep tem ber  before the  freeze-up. it is abou t  0.5.
3. C loud  P a ram e te rs
T h e  cloud p a ram e te rs  influencing the  so lar  rad ia t io n  budget inc lude  th e  c loud 
cover fraction , cloud par t ic le  effective rad iu s  an d  liquid or ice w a te r  con ten t .  
D uring th e  su m m er.  Iow-level s t ra t ifo rm  clouds a re  a  prevalen t fea tu re  in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
172
th e  A rc tic  (T say  e t  al.. 1989). C o m p le te ly  overcast skies exist a b o u t  50% 
o f  th e  year, an d  th e  c loud cover is m a x im u m  betw een  M ay  and  N o v em b er  
(70% - 90%) (M a v k u t  an d  Church . 1973). Equivalent d rop le t  rad iu s .  r r . of 
A rc t ic  s t ra tu s  c louds was observed to  lie in the  range  betw een  3.3 / im  and
11.4 /zm. as re p o r te d  by H erm an  an d  C 'urry (1984). T h e  c loud op tica l  d ep th ,  
e s t im a te d  from g ro un d -based  m easu rem en ts  of incom ing  solar r a d ia t io n  in 
B arro w . Alaska d u r in g  th e  sp r ing -sum m er season, is a b o u t  8-20. v ary ing  by 
a  fac to r  of 4 (L eon tyeva  an d  S tam nes .  1994). Model s im u la t ion s  (L eon tyeva  
a n d  S tam n es .  1994: 1996) show th a t  th e  incom ing so la r  ir rad ian ce  a t  the  
su rface  during  overcast  conditions d ep en d s  p rim arily  on th e  c loud op tica l  
th ickn ess  and th e  surface  albedo, an d  its dependence  on  r e is weak.
C lou d  d isc r im in a tio n  over bright snow  or ice surfaces is especially  difficult 
d u e  to  sm all c o n t ra s t  betw een  the  su rface  and  clouds in th e  visible a n d  in­
fra red  AV'HRR channels .  Reflectance o f solar rad ia t io n  in AV'HRR chan ne l  
3 provides b e t t e r  d isc r im in a tio n  of t h e  clouds from th e  surface  in th e  po lar 
regions as d iscussed  in C h a p te r  2. T h e  e rro r  assoc ia ted  w ith  v ary ing  cloud 
cover fraction is less th a n  10%.
W h ile  cloud w a te r  con ten t  is not d irec t ly  re trievable  from  sa te l l i te  d a t a ,  the  
o p t ica l  dep th  r  can  be re tr ieved  (K ey  et al.. 1997). S im u ltan eo u s  d e t e r m i ­
n a t io n  o f t . re a n d  c loud to p  te m p e ra tu r e  Tc were p erfo rm ed  from  A V H R R  
ch an n e ls  2. 3 a n d  4. as discussed in C h a p te r  5. L 'nce rta in tv  in th e  s a te l l i te  
m e a su re d  rad ian ce  is th e  largest source  of u n ce r ta in ty  for s im u ltan eo u s  de­
te rm in a t io n  of r  and  re. E rror in th e  cloud d e tec tio n , especially  for p a r t ly  
c lo udy  s i tu a t io n s ,  an d  th e  presence o f  c irrus and  v er tica lly  inhom ogeneous 
c loud  s tra t if ica tio n  resu lts  in an e r ro r  in r  of 50% o r  m ore , the  e r ro r  in ry 
is no m ore  th a n  30%. T h e  effect of t h e  surface a lbedo  is im p o r ta n t  on ly  for
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th in  clouds. T h e  a lg o r i th m  is reliable  for r  >  3 an d  r e >  3 (H a n  et ah. 
1999). T h e  ch a rac te r is t ic  value o f th e  cloud optica l d ep th  is chosen  to be 6 
in A pril-M ay  before  th e  onset of snow m elt,  and  10 in Ju n e -A u g u s t  based on 
the  resu lts  in C h a p te r  4. Effective rad ius is chosen to  be 10 p m .  Sensitiv ity  
of rad ia t io n  fluxes over th e  Arctic  ocean  to  cloud o p t ica l  d ep th  w as discussed 
by C u r ry  and E b e r t  (1992).
6.3 U n c e r ta in ty  o f  S R B  from  A V H R R
T h e  u n c e r ta in ty  in th e  S R B  resulting from  u ncerta in ties  in ind iv idua l variables 
are eva lua ted  through  a  series o f  num erica l  s im ula tions based on th e  RTM . In 
these analyses , the  o th e r  variables, excep t the  individual variable being  exam ined , 
are fixed a t  reference values represen ting  the  mean values for a  w ide  range of 
a tm ospheric  conditions.
Tables 6.1- 6.4 list th e  reference values for different variables a n d  th e  corre­
sponding  re la t ive  e rro r  in th e  ca lcu la ted  N SRT. XSSR an d  DSSR. In th e se  tables, 
variables a re  defined as follows:
rh is aerosol op tica l  d e p th .  P W  is p recip itab le  w ater.  O3 is ozone  colum n 
am o u n t .  r t is cloud d ro p le t  effective rad ius. rc is th e  c loud  optica l d e p th ,  and 
. l c is th e  c loud  cover frac tion .
Table 6.1 shows th e  sensitiv it ies  of th e  SRB to ind iv idual  variables for a  cloud- 
free a tm o s p h e re  overly ing a snow surface. T h e  snow is set as new snow (100 p m . 0.1 
ppm w) w ith  a lbedo  0.79. T h is  s i tua tion  corresponds to  th e  A pril-M ay t im e  period 
at SH EB A  ( th e  set of soot con ten t m ay  be a  lit t le  high a n d  a lbedo is a  l i t t le  low. 
but it does not influence th e  sim ulation  resu lts) . After th e  snow s ta r ts  m e lt in g , the  
surface is com posed  o f m e l t  ponds, leads and  ice. so we ju s t  t re a ted  it as a  Lam bert 
surface, a n d  th e  a lbedo  is a ssum ed  to be  0.5 based on th e  sa tellite  re tr ieva ls  and
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T a b ic  G .l Sensitivity o f the SRB to Input Variables under Clear Sky Conditions over a Snow Surface.
Variables Reference 
Value (.r0 )
E rro r (± )  
Ax- XSRT¥ & )  If XSSR¥(*■ ) if DSSRSnow 
(/mi. p pm w ) (a lbedo) 100. 0.1 (0.79) 4100 . +0.1 (0.72) 1-5.1 -560.0 29.1 -581.0 1.1 105.0
~h O.OS +0.0S 3.1 71.3 1.1 -13.0 odo1oP \V . m m 2.0 0.4 (20%) 0.7 3.5 1.3 -3.S 1.1 -15.3
0 3. g m ~ 2 7.22 0.37 0.7 1.4 0.01 -0.02 0.2 -0.9
T a b le  6 .2  S e n s itiv ity  o f  th e  S R B  to  In p u t V ariables u n d e r  C lea r Sky  C o n d itio n s  over a  L a m b e r t  Surface.
V ariables Reference V alue(xo )
Error ( ± )  
A x
XSRT¥<*> If X SSR DSSRA F / c7 \ A F  F  '  '  A xa lb edo 0.5 0.05 6.1 -474.0 S.9 -494.0 0.4 46.0
~ h O.OS +0.0S 0.2 11.3 1.6 -52.5 1.6 -102.5P \V . m m 11.9 2.4 (20%) 0.4 0.7 0.7 -0.7 0.6 -1.4
03 . g  m ~ 2 7.15 0.1 0.01 0.04 0.01 -0.05 0.01 -0.03
SH E B A  surface  m easu rem en ts  between Ju ly  and  A ugust (see C h a p te r  3). Haze 
optica l d ep th  is in th e  range of 0.08-0.16. which is consis ten t w ith  observations 
(Shaw. 19S5). P rec ip itab le  w ater for spring  over snow surface is set to  2.0 mm. 
and d u r in g  su m m e r  a f te r  the  onset of snow m elt, it is set to  11.9 m m  (K ey  et al.. 
1997).
T ab le  6.3 shows th e  sensitiv ities of the  SRB to ind iv idual  variables for cloudy 
sky over a snow surface. Both w ater clouds and ice c louds are considered , and 
for ice c louds th e  cloud partic le  size is set to  40 fim. th e  op tica l d e p th  is set to 6. 
Table 6.4 shows th e  sensitivities o f  the  SRB to ind ividual variables for c loudy  sky- 
over a  L am b er t  surface, b u t  onl\r w ater clouds are considered . As th e  c loud  tends
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1 < 5
T a b le  G.3 Sensitivity o f  the SRB to Input Variables under Cloudy Sky Conditions over a Snow Surface.
V ariab les Reference 
Value (.To)
E rror  ( ± )  
A x
NSRTA/** / fy \ Ai*” XSSRA  F  / rr \ A  F  —  W O  A x
DSSR
¥ T 7 )  ^F  ' ' '  ' A xSnow 
(/7m. ppm w ) (a lb ed o ) 100. 0.1 (0.79) 4-100. 4-0.1 (0.72) 6.7 -227.0 15.4 -237.0 4.2 338.0
A- 0.6 0.06 1.0 -34.2 3.5 -52.2 1.8 -143.36 3 (507c) 1.7 -1.1 5.9 -1.8 4.3 -7.0r . . / /m S.O 2.0 0.3 0.4 0.4 -0.2 1.3 -3.26(ice) 3 (5 0 7 ) 0.7 0.6 S.O -2.1 4.1 -6.2rf . /m i 40.0(ice) 10.0 1.5 0.3 1.9 -0.1 6.0 -0.3P W .  m m 2.0 0.4 ( 2 0 7 ) 0.6 2.9 0.4 -0.9 1.4 -17.3
a , ,  g m ~ 2 7.22 0.27 0.4 0.5 0.05 -0.06 1.3 -6.0
to be th ick e r  in th e  su m m e r  and  a u tu m n  as m en tio n ed  in C h a p te r  4. th e  op tica l 
d e p th  is set as 10.
T h e  s im u la t ion  resu lts  show th a t  t h e  u n ce r ta in ty  in the  a lbedo  is th e  largest 
source  o f  u n c e r ta in ty  for S R B  under c lea r  sky cond it ions , and  th e  second  largest 
source  is th e  aerosol op tica l  dep th .  C n d e r  cloud}' sky  conditions, th e  u n c e r ta in ty  
in th e  a lb ed o  is th e  largest source o f u nc e r ta in ty  for S R B  over snow surfaces, b u t  
the  u n c e r ta in ty  in th e  c loud cover frac tion  and c loud  optica l d ep th  a re  also very 
im p o r ta n t .  Th is  significant effect o f  a lb edo  is re la ted  w ith th e  s e t t in g  o f cloud 
op t ica l  d e p th  as 6. which m ay  be a  l i t t le  low. From  these  s im u la t ion s ,  we found 
th a t  t h e  im p ro vem en t on th e  retrieval o f  cloud op tica l  d ep th  a n d  su rface  a lbedo  is 
u rgen t for im prov ing  SRB e s t im a t io n  from  satellites.
If th e  sensit iv it ies  of th e  SRB  to th e  individual variables and  th e  u n c e r ta in t ie s  
of th e se  variables derived  from  A V H R R  are  known, we can e s t im a te  th e  com bined  
u n c e r ta in ty  in th e  S R B  w ith  regards to  all these in p u ts  based on e rro r  p ro p ag a t io n  
theory . Suppose  /  is a function  of variab les .r and  y .  and  assum e th e i r  e rro rs  Sx
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T a b le  6 .4  Sensitivity o f  the SRB to Input Variables under C loudy Sky Conditions over a Lambert
Surface.
V ariables R eference
Value(xo)
E rror ( ± )  A x
N SRT 
¥ ( % )  AT
NSSR
F  v /C > A x
D SSRA F/cr \ AF  — ( /c ) a Ta lbedo 0.5 0.05 1.7 -99.2 3.6 -110.4 2.S S.O
Tc 10.0 5.0 5.5 --'3.2 12.0 -3.7 12.0 -7.4
-V- O.S O.OS 3.2 -11.5 7.1 -134.9 7.1 -269.6r„ . y  m s 2 0.4 0.6 0.4 -0.3 0.4 -0.6P \Y . m m 11.9 2.4 (20%) 0.6 0.7 0.3 - 0.2 0.4 -0.5
0 3- g rn ~ 2 7.15 0.1 0.03 0.07 0.01 -0.02 0.01 -O.OS
a n d  Sy  a re  ran d o m . From  e rro r  p ro p ag a t io n  theory , th e  u n c e r ta in ty  in /  can  be 
ca lc u la ted  as:
s /  =  (6-:5)
T h e  above fo rm u la  is th e  s ta n d a rd  fo rm ula  form  o f  th e  equa tion  for t h e  p ro p ­
a ga tio n  o f erro rs ,  a n d  can be e x p an d ed  to  any n u m b e r  o f in d epen d en t  variab les. 
H owever, if th e  variables x  and  y  a re  no t in d e p e n d e n t ,  th e  covariance  betw een  
th e m  m u st  be considered . In our c a lcu la t io n  of S R B  from the ra d ia t iv e  t ra n s fe r  
e q u a t io n ,  the  S R B  can  be taken  as a  function  o f th e  variables listed in T ab le  6.1 - 
6.-1. T h e  a s su m p tio n  o f independence  o f  these  variab les  m ay  not r ig h t ,  an d  th e  co­
var iance  am ong  th e m  is difficult to  assess. However, we can e s t im a te  t h e  m a x im u m  
e rro r  as follows:
8 f  =  ( % ) 6 r  +  ^ ) 5 , j .  (6.4)o x  a y
If th e  p a r t ia l  deriva tives  in th e  ab o v e  eq u a tio n  can  be a p p ro x im a te d  as th e  
finite differences ( A F / A i ) .  we can  o b ta in  th e  com b in ed  u n c e r ta in ty  in th e  so lar
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T a b le  G.5 Combined Uncertainty o f the SRB to Inputs Variables Derived from AVHRR in the Arctic.
C ond it ions NSRT NSSR D SSRE rro r M ax. Error M ax. Error Max.C lear over snow 34.11 41.22 34.91 37.43 12.16 21.55C lear over L am bert 23.78 26.28 25.11 30.64 9.15 13.S4C’loudv over snow 13.97 20.13 15.34 23.75 31.18 61.39(ice) (13.97) (20.73) (15.71) (25.49) (29.00) (55.51)C loudy  over L am bert 16.90 24.54 22.02 33.77 40.66 56.69
rad ia t io n  budg et from eq. (6.3) and  the  m a x im u m  u n c e r ta in ty  from eq. (6 .4). The 
resu lts  a re  p resen ted  in T ab le  6 .0 . For c lo udy  sky cond it ions  over a snow  surface, 
b o th  liquid  w ate r  clouds a n d  ice clouds a re  considered.
6 .4  E ffects o f  C irru s/W a ter  C lou d s and C lou d  
P h a se  on  S R B
Surface observations show th a t  Arctic c louds often have  2 or 3 layers, an d  in- 
s i tu  observa tions also show th a t  the  c loud d rople t effective radius increases from 
th e  cloud b o t to m  to th e  c loud  top. However, in rad ia t iv e  transfer m o de ls  used 
for rem o te  sensing retrieval purposes, th e  clouds are  usually  a ssu m ed  to  be a 
hom ogeneous layer w ith  a  constan t  cloud effective rad ius. This a s su m p tio n  is 
not consis ten t  w ith  observations. To e x a m in e  the  effects of m ultilayered  clouds or 
c loud p hase  on th e  SRB. we perform ed a  series of num erica l  e xp e r im en ts  in which 
th e  cloud was assum ed  to consist of two layers. T h e  u p p e r  layer is an  ice cloud 
loca ted  betw een  7 and  S k m . a n d  the  lower layer is a  w a te r  cloud loca ted  between 
1 and  2 km . Five tes ts  were m ade:
1. W a te r  cloud w ith  re =  10 ^ m . rep resen t ing  a typ ica l  w a te r  cloud:
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2. Ice c loud w ith  D e =  20 //m:
3. Ice c loud w ith  D e =  40 y m :
4. M ixed phase cloud w ith  50% ice a n d  50% liquid w ater, and  w ith  an  effective 
p a r t ic le  size of 20 y m  for bo th  phases:
5. C irru s  over low cloud, for cirrus D e =  40 y m .  r  =  0.5. for w a te r  cloud r f =  
10 y m  and  r  is allowed to vary:
6. C irru s  over a  low w ate r  cloud, a n d  th e  cirrus is set as Df =  40 y m .  r  =  0.1:
th e  w a te r  cloud is set as rF =  10 y m  and  r  is allowed to vary:
In these  ca lcu la tions, the  solar zen ith  angle is set to  60°. a n d  th e  surface is
a ssu m e d  to  be snow w ith  a  grain size of 1000 y m  and  a  m ass-frac tion  o f soot of 0.3 
p p m w . T h e  to ta l  cloud optica l d ep th  for these five te s ts  is taken  to  be th e  sam e.
F igure  6.1 shows th e  difference be tw een  the  different cloud typ es  a n d  th e  w ater 
c loud  for D SSR  and  NSSR. T he  resu lts  d e m o n s tra te  th a t  cirrus overly ing  a  liquid 
w a te r  c loud has only m in o r  influence on  the  DSSR (1-2 W m ~ 2). T h e  ice cloud or 
th e  m ixed  phase  cloud resu lts  in a decrease  in the  DSSR an d  the  X S S R  by a bo u t  10 
w m ~ 2 and  5 w m ~ 2. respectively. T hese  influences a re  only  a weak fu n c t ion  of the  
to ta l  c loud optica l d ep th ,  and  the  sm a lle r  the  r  ( r  <  5). the  sm a lle r  th e  influence 
o f  th e  cloud phase. T hese  results also d em o n s tra te  th a t  the  D S S R  is m ain ly  a 
fu nc t ion  o f cloud optica l d ep th , and  t h a t  its d ep en d ence  on th e  effective cloud 
p a r t ic le  size and  cloud phase  is weak. In con trast  to  th e  DSSR a n d  th e  XSSR. 
th e  X SR T depends p rim arily  on effective cloud d rop le t  size (F igu re  6.2). Both ice 
c louds  an d  cirrus overly ing low-level w a te r  clouds resu lt  in a  d ec rease  in XSRT 
a n d  6 Fatm by as m uch as 40 W m ' 2 d epend ing  on th e  cloud op tica l  d e p th .  Mixed 
p h ase  clouds result in a  decrease in X SR T  by as m uch  as 20 W m -2 as c o m p ared  to 
w a te r  clouds. T h e  different dependences of the  D SSR  a n d  the  U P T O A  on cloud
ITS
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Z - - -  Cirrus( D .=4(V m , - = 1.0) over low
Z ______ C irrus(D .=40um , r = 0 .5 ) over low
■c '" D .=20um . m ixed  phasec/: - "t . -
l° -
0 -
- 20:_________________________________________     :
0 20 40 60Cloud O ptical depth
F i g u r e  G . l  D S S R  (u p p e r  p a n e l)  a n d  X S SR  (lo w er p a n e l)  be tw een  d iffe ren t c lo u d s  a n d  w a te r  c loud . L’n d e r  c o n d it io n s  o f  0O =  6 0 ° . sn o w  g ra in  size 1000 p m  a n d  m a ss-frac tio n  o f  soo t 0 .3  p p m w  .
p hase  a n d  cloud s t r u c tu r e  also d e m o n s t ra te s  tha t  th e  sa te l l i te  re t r iev a l  based on 
th e  re f lec tance  at th e  T O A  an d  the  su rface  retrieval based  on th e  t r a n s m i t t a n c e  
will not give exac tly  th e  sa m e  results.
O n e  su rp ris ing  re su l t  is t h a t  the  net so la r  rad ia tion  abso rbed  in t h e  a tm o sp h e r ic  
c o lu m n  d ep en d s  s tro ng ly  on c loud phase  a n d  on effective c loud p a r t ic le  size. C’om- 
p ared  to  liqu id  w ater c louds, th ick  ice c louds can result in an inc rea se  o f  Si*1,itm by 
as m u ch  as 50 W m - 2 . a n d  m ix ed  phase  c louds can result in an  inc rea se  o f SFatm 
by 20 W m ~ 2. Even m o re  in te res t ing , th in  c irrus overlying low l iq u id  w a te r  clouds





D ,=20itm . m ixed phase
D .=40um , ice  cloud  C irrus(D .=40um . -  = 0 .5 ) over lo» rus(D .=40um . -= 1 .0 )  over lo»
- 6 0 . 20 40Cloud Optica! depth 60
- 60 '
-s 4 0 -
D ,=40um . ice  cloud
20 40Cloud O ptical depth 60
F i g u r e  G .2 A s in  F ig u re  6 .1 . b u t  for N et S o la r  R a d ia tio n  a t  th e  T O A  (u p p e r  p an e l) a n d  N et S o lar R a d ia t io n  in  th e  a tm o sp h e ric  c o lu m n  (low er p a n e l)  .
increases the  absorp tion  (8 Fatm) by as m uch as 40 W m ' 2 as com pared  to liquid 
w a te r  cloud. This rad ia t iv e  forcing m a d e  by cirrus m ay  play an essen tia l role in 
c l im a te  change.
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6.5  A p p lica tio n  and  R esu lts
6.5.1 Data
Using the  a lg o r i th m s  for c lo u d y /c lea r  d isc r im ina tion  and  for re trievals of su rface  
an d  cloud p ro per t ies ,  we can o b ta in  cloud par t ic le  size and  optica l d e p th  u n ­
d e r  cloudy cond it ions , and the  surface properties u nd er  clear sky  conditions from 
A V H R R  d a ta  o b ta in e d  over SH E B A . Inserting all these  d a ta  in to  the  R T M . the  
DSSR. the  X SS R . th e  U P T O A  and  the  SFatm can  be o b ta ined  v ia  forward ca lcu ­
la tions  (xiong e t  al.. 2000b). For a  snow surface, th e  snow g ra in  size a n d  m ass 
fraction  of soot can  be used d irec tly  in th e  RTM  for the  coupled  a tm osphere -snow  
sys tem . For o th e r  surfaces, a lbedos retrieved from A V H RR  are  used. Under c loudy  
conditions, we will use the surface albedo o b ta in ed  under c lear conditions in the  
previous or th e  following day.
6.5.2 Seasonal Variation of SRB over SH EBA
Using the re tr iev ed  snow grain  and  soot, or surface  a lbedo (C h a p te r  3). a n d  th e  
re trieved  cloud d ro p le t  effective rad ius and  optical d ep th  (C h a p te r  5). we ca lcu la ted  
th e  DSSR and  X SS R  (average for 30 by 30 pixels) and  com pared  it with S H E B A  
m easu rem en ts  (1 h ou r average during  the  overpass of the  sa te ll i te )  as show n in 
F igure  6.3. B o th  th e  DSSR a n d  the  XSSR increase  significantly  from A pril  to 
.June, co rresponding  to  the decrease  in solar zen ith  angle from a bo u t  69° to  oo° . 
A fte r  su m m e r  solstice  the  solar zen ith  angle increases again and  th e  DSSR a n d  th e  
XSSR decrease. T h is  seasonal variation is m ain ly  controlled by the  solar zen ith  
angle: the  sm a lle r  th e  solar zen ith  angle, the  larger th e  DSSR a n d  the  XSSR. A fter  
snow melt begins in late  Ju n e ,  th e  seasonal t re n d  becomes less obvious b ecau se  
th e  DSSR and  th e  X SSR  are  influenced significantly by the  surface  albedo, which
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changes rap id ly  d u r in g  this period . D av-by-day  change in th e  SRB  is m a in ly  
con tro lled  by the  c loud  optica l p roperties . N ote  th a t  our analys is  follows th e  t r a c k  
o f th e  S H E B A  Ice C a m p ,  so change in so lar z e n i th  angle d e p e n d s  on b o th  th e  
re la t io n sh ip  betw een  th e  Sun and  E a r th ,  as well as the  la t i tu d e  o f the  S H E B A  
Ice C a m p .  F u r th e r  com parison  betw een th e  su rface  m easu rem en ts  and  th e  m o d e l  
ca lcu la t io n s  w ith  in p u ts  from A V H RR  re tr ieva ls  is shown in th e  sc a t te r  p lo t in 
F igure  6.4. This com parison  shows th a t  th e  m ean  discrepancies in b o th  the  D SSR  
and  th e  N SSR  d ur in g  April lo -Ju n e  14 t im e  p er io d  are as large as 32 f/U a n d  7CA 
from  th e  m idd le  of J u n e  to the  end  of A ug us t,  m uch  less th a n  before th e  o nse t  
of snow m e lt .  T he  large  d iscrepancy  before snow m elt  is d irec t ly  re la ted  w ith  th e  
large o v e re s t im a te  o f cloud optical d e p th  d u r in g  th is  period.
6.6  S u m m ary
Using a  com prehens ive  RTM . we have ana lyzed  th e  sensitiv ity  o f  th e  SRB to  th e  in­
d iv idu a l  variables, a n d  th e  com bined u n c e r ta in ty  by using the  A V H R R  re tr ieva l  o f  
su rface  a n d  cloud p roperties  as inpu ts  to  th e  co m pu ta t ion s .  S en s i t iv ity  tes ts  show  
th a t  u n d e r  clear sky conditions, th e  surface a lb e d o  and  the  aerosol op tica l d e p th  
a re  th e  m a in  sources o f uncerta in ty , and  u n d e r  c loudy  sky cond it ions ,  th e  su rface  
a lb edo , th e  cloud o p t ica l  d ep th  and  th e  cloud frac tion  cover a re  th e  m ain  sources 
o f u n c e r ta in ty  for th e  SRB  es t im ation .  C a l ib ra t io n  u ncerta in tie s  in A V H R R  c h a n ­
nels 1 a n d  2 are still one  of the  largest sources o f uncerta in ty  because  they  affect 
all su rface  and  cloud retrievals. T hese  resu lts  d e m o n s t ra te  t h a t  im p ro v em en ts  in 
sa te l l i te  ca lib ra tion ,  c loud d isc r im ina tion  an d  c loud  retrievals over snow a n d  ice 
su rface  a re  required . Use of in-situ  h u m id i ty  profiles will im p ro v e  th e  S R B  e s t i ­
m a t io n .  U nce r ta in ty  in ozone am o un t  on th e  to ta l  SRB is sm all ,  b u t  its effect on 
UV is significant. T h e  com bined u n c e r ta in ty  o f  th e  SRB show s t h a t  u n d e r  c le a r
1S2
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F i g u r e  G .3  S easo n a l v a r ia t io n  o f D S S R  ( u p p e r  panel) a n d  N’S S R  (low er p a n e l)  fro m  S H E B A  su rface  
m e a s u re m e n ts  a n d  s a te l l i te  re tr ie v a l .
sky  cond it ions ,  th e  u n c e r ta in ty  in th e  DSSR is a b o u t  ± 1 0  \ \ m ~ 2. T h is  value is 
s im i la r  to  th a t  o b ta in e d  by o th e r  m e th o d s  (P in k e r  e t  ah . 1995). U n d e r  c loudy  sky 
con d it ion s ,  th e  e rro r  in th e  re tr ieved  DSSR could be as high as ± 3 0  ~  4 0 H ’m -2 . 
b ecau se  o f th e  u n c e r ta in ty  in cloud cover fraction and  cloud o p tica l  d e p th  re trieved 
over snow  or ice surfaces. T h e  u n c e r ta in ty  of N SS R  is abou t ± 1 5  ~  2011 m~~.
M odel s im ula tions  d e m o n s t ra te  t h a t  the  effect o f  th e  inho m og ene ity  o f  th e  cloud 
layer a n d  th e  cloud p hase  on the  e s t im a te d  D SSR  a n d  NSSR is sm a ll ,  b u t  its effect 
on th e  c loud  rad ia t iv e  forcing in th e  a tm osph eric  co lum n  is very  large, especially
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M easured DSSR (w /m " )
M easured DSSR (w /m ")
F i g u r e  C .4  C o m p a riso n  o f D S S R  be tw een  S H E B A  su rfa ce  m e a su re m e n ts  a n d  sa te llite  re tr iev a l for th e  p e rio d s  o f A p ril 1 - Ju n e  l-I ( u p p e r  p anel) a n d  J u n e  16 - A u g u st .30. 1998 ( low er pan e l)  .
when th in  cirrus is overly ing low liquid w a te r  clouds. T h is  implies th a t  accu ra te  
detec tion  o f  cirrus a n d  its retrieval a re  very im p o r ta n t  for correct assessm ent of 
cloud rad ia t iv e  forcing in c lim ate  m odels.
Using th e  surface a lbedo , snow gra in  size, surface te m p e ra tu re ,  cloud optical 
dep th  and  effective c loud droplet size re tr ieved  from the  A V H R R  d a ta  in a com pre­
hensive R T M . we e s t im a te d  the  seasonal variation of D SSR  and  XSSR. Seasonal 
varia tions o f DSSR a n d  X SSR  are obvious before the  m e l t in g  begins in .June, and 
this varia tion  is m a in ly  controlled  by  th e  so lar i l lu m ina tion  angle. However, the
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seasonal varia tions a f te r  the  onset o f  snow melt a re  less obvious because  th e  DSSR 
and  th e  XSSR a re  influenced significantly  by b o th  th e  rap id ly  chang ing  surface 
a lb ed o  an d  the  so lar i llum ination  ang le . T h e  decrease  in th e  a lbedo  w ith  th e  m elt­
ing o f  th e  sn ow /su rface  tends to inc rease  the  X SSR . w hereas th e  decrease  in the  
so lar i llum ination  ang le  tends to dec rease  the  D SSR . T hese  two o p p o s ite  effects 
result in a small va r ia t ion  in the D SSR.
Daily varia tion  o f  th e  SRB  are m a in ly  contro lled  by th e  c loud optica l p roperties .  
C o m pariso n  o f S H E B A  surface m e asu rem en ts  and  m odel ca lcu la t ions  w ith  inputs  
from th e  AV'HRR retrievals  show t h a t  before th e  snow  m elt begins, th e  e rro r  is 
m o re  th a n  30c/c. b u t  a  good agreem en t w ith  a m ean  e r ro r  of a b o u t  7% is o b ta in ed  
a f te r  th e  onset of snow  m elt considering  th e  difference in spa tia l  coverage between 
th e  sa te l l i te  and th e  surface m easu rem en ts .  W i th  regard  to  the  p lane-para lle l  
R T M . th e  influence o f th e  cloud h o r izon ta l  he te rogene ity  on th e  SRB is not clear 
(P in k e r  et al.. 1995: H a r tm an n  et al.. 19S6). An assessm en t o f th e  u n ce r ta in tie s  
assoc ia ted  with ho r izon ta l  heterogeneity  requires t h e  use o f a 3-D rad ia t iv e  transfer 
m odel.
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C h ap ter 7 
S u m m ary  and D iscussion
B ecause  su rface  m easu rem en ts  a re  sparse  and  difficult in the  A rc t ic  and  o u r  know l­
ed g e  o f the  A rc t ic  c loud  and sea-ice a lbedo  feedback is poor, u se  o f  sa te l l i te  rem o te  
sens in g  to m o n i to r  th e  surface a n d  cloud p ro p er t ies  and to  infer so lar rad ia t io n  
b u d g e t  is o f  p a r t ic u la r  im p o r tan ce  in the  po la r regions. However, large u n c e r ta in ­
t ies  in cloud cover fraction and  c loud  optica l d e p th  betw een  ISCC'P a n d  surface  
o bse rva t io n  o ccu rred  for the A rc t ic  clouds (C u rry  et  al.. 1996). T h e  p r im a ry  goal 
o f  th is  work has been to inv es t iga te  the  use o f sa te ll ite  m e a su re m e n ts  to s tu d y  
th e  A rc tic  su rface  a n d  cloud p ro p e r t ie s  and  th e  solar sh o r tw ave  rad ia t io n  b u d ­
g e t .  Use o f sa te l l i te  d a ta  for th is  rem o te  sensing  app lica t io n  requ ires  a c cu ra te  
c a l ib ra t io n  o f t h e  sa te l l i te  d a ta ,  d isc r im in a tio n  betw een  c lear a n d  c loudy sky. and  
re tr ieva ls  o f  su rface  an d  cloud p ropert ies .  Based on these rec ju irem en ts . th is  thesis  
was d iv ided  in to  five chap ters ,  e x c e p t  for the  background  p ro v ided  in C h a p te r  1 
a n d  th is  conclusion. A com prehens ive  p lane-para lle l  RTM b ased  on th e  D ISO R T  
cod e  provides th e  theore tica l basis. Using this m odel we first p er fo rm ed  a  series 
o f  theo re tic a l  sen s it iv i ty  and u n c e r ta in ty  analyses , then  we d es igned  several algo­
r i th m s .  T h e  a lg o r i th m s  are va l ida ted  against th e  com posite  su rface  m e a su re m e n ts  
from  th e  S H E B A , a n d  in-situ a i rc ra f t  m easu rem en ts  from F IR E -A C E .  YVe chose
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to use A V H R R  sensors deployed on  the  NOAA p o la r  o rb it ing  s a te l l i te s  for our 
s tud y  because  this d a t a  has more th a n  20 years of h is to ry  and  is w idely  used for 
env iro nm en ta i  research . However, th e  AVHRR only  has  -5 channels, m u ch  less th an  
th a t  available  on new ly launched  o r  p lanned  sa te l l ites ,  like M O D IS  a n d  GLI. We 
therefo re  do not have too  m any o p tions  for choosing th e  most a p p ro p r ia te  chan ­
nels for o u r  research purposes. T h is  paucity  of sp ec tra l  in fo rm ation  is one of the  
difficulties we have in d isc r im in a tin g  clouds from sn o w /ic e  surfaces a n d  retriev ing  
surface snow grain size a n d  m ass-fraction  of soot. A large u n c e r ta in ty  in the  re­
trieval o f  cloud op tica l  d ep th  is also  re la ted  with th e  pauc ity  of chan ne ls .  Lack 
of o n b o a rd  ca lib ra tion  o f  A V H R R  channels  1 and 2 is one  of th e  m o s t  significant 
sources of uncerta in ty .
In th is  thesis, we first developed an au to m atic  c loud  d isc r im in a tio n  a lgo rithm  
over sn ow /ice  surfaces p rim arily  using  th e  solar reflec tance  in A V H R R  channel 
•'3. A fte r  im proving  th e  e s t im a tion  o f solar reflectance in channel 3 by rem oving 
the  undesired  th e rm a l  com po n en t ,  an d  m aking an a p p ro p r ia te  an iso trop ic  correc­
tion based  on a R T M . we ob ta in ed  the  a lbedo at th e  T O A . An easily  ca lcu la ted  
th resho ld  function was found. We also exam ined  th resho ld s  using t h e  spectra l  in­
fo rm ation  in A V H R R  channels  I to  5 from model s im u la tions . F rom  th is  work, it 
is found th a t  the  b r igh tn ess  te m p e ra tu re  difference be tw een  channels  -1 and  o can 
be used to detec t  c ir rus  b u t  cannot d isc r im ina te  c irrus  from th in  w a rm  clouds. For 
this reason  BT4 needs to  be used. A pplica tion  of th is  c loud d isc r im in a tio n  schem e 
to A V H R R  d a ta  tak en  dur ing  overpasses over th e  S H E B A  Ice C a m p  during  tlie 
m eltin g  season betw een  April and A ugust.  I99S d em o n s t ra te s  th a t  t h e  cloud cover 
frac tion  from A V H R R  is in good agreem en t with su rface  w eather obse rva tio ns  over 
S H E B A .
A lg orithm s were developed  to  der ive  snow grain  size and  m ass-frac tion  of soot, 
and  to  derive surface a lbedo  for c lear sky conditions. It was e x p e c te d  th a t  use
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of the  derived  snow op tica l  properties in  a  RTM for th e  coup led  a tm o s p h e re  - 
snow sy s tem  would yield precise e s t im a te  o f  the  b id irec t ion a l  effects of th e  snow 
surface. T h is  in tu rn  was expec ted  to  im prove  the  a ccu racy  o f th e  cloud re tr ieva l 
as well as th e  SRB. However, this exp e c ta t io n  has no t  been  sa tisfac to ri ly  resolved 
because th e re  a re  no in-situ  snow d a ta  available for valida tion . U ncer ta in ty  in 
sa te llite  rad io m e tr ic  m easu rem en ts ,  effects o f aerosol in channel 1 and s tro ng  wa­
te r  ab so rp t io n  in channel 2 result in significant u n c e r ta in ty  in th e  re trieved  snow 
grain  size a n d  m ass-frac tion  o f soot. For a  ±  5% e rro r  in th e  sa te l l i te  rad io m etr ic  
m easu rem en ts ,  the  error in th e  snow g ra in  size and m ass  frac tion  of soot is a b o u t  
200% for s t <  0.05 ppm w . and  for s t >  0.1 ppm w  t h e  e rro r  is m ore th a n  50%. 
I 'se  of su b a rc t ic  su m m er  instead  o f w in te r  a tm osp h e r ic  c o n s t i tu e n t  profiles could  
lead to a d ifference in channe l 2 reflectance of 40% over a  snow surface. Therefore , 
add itiona l  channels  available on in s t ru m e n ts  such as G L I an d  M O D IS . or t h e  1.6 
//in channel available on NOAA-15 will p rovide  o p p o r tu n it ie s  to  get m ore re liab le  
results on snow grain size and  mass frac tion  of soot.
On th e  o th e r  hand, a lb edo  retrieval from AV'HRR is m ore  prom ising. T h e  
relatively  b road  AV'HRR channels 1 a n d  2 provide good  rep resen ta tion  o f  the  
visible and  n ea r  visible p a r ts  o f  solar rad ia t io n , where th e  re flec tance  is large. T h e  
spectra l a lb edo  in channels 1 and 2 can  be  retrieved separa te ly . T h e  u n c e r ta in ty  
in a lbedo w ith  regard to  th e  unce rta in ty  in th e  sa te l l i te  rad io m e tr ic  m easu rem en t 
is of the  sa m e  m ag n itud e ,  b u t  the  effect o f  aerosols in chan ne l  1 an d  the  effect of 
w ater vapor in channel 2 is relatively significant. N T B  conversion is one o f  th e  
m ain  sources o f uncerta in ty . This research  suggests t h a t  different N T B  conversion 
coefficients shou ld  be used for different surface cond it ions . A pplica tion  o f  ou r  
a lgo ri thm  to m ore  than  100 images from April to A ugus t  yields a good ag reem en t  
w ith  S H E B A  surface m easu rem en ts  of a lbedo . M inor differences between th e m  
are  due to  th e  difference in spatia l coverage, and th e  large sp a tia l  varia tions o f
LS8
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the  su rface  a lbedo  d u e  to  th e  occurrence  o f melt ponds  and  leads. F a ilu re  to 
d isc r im in a te  t h in /c i r ru s  clouds from snow surfaces m ay  lead to  an e r ro r  in a lb ed o  
retrieval. T h e  d ep loy m en t  of new sensors, such as G LI a n d  M O D IS. is e x p ec ted  
to im p ro ve  th e  d isc r im in a tio n  of ice c loud  using th e  1.38 channel,  w hich  will 
be helpful for im p ro v ing  th e  a lbedo  re tr ieva l over a snow surface.
R etr ieval  o f  cloud p ro pe r t ie s  in th e  p o la r  regions from  A V H R R  d a t a  is investi­
gated  in C h a p te r  5. S ince  channel 2 is m o re  sensitive to  c loud  op tica l  d e p th  th a n  
channel 1 over high a lb e d o  surfaces, channe l 2 tog e th er  w ith  channels  3 a n d  4 are 
used to  re t r iev e  the  c lo ud  op tica l  d ep th ,  c loud  droplet size and  cloud to p  t e m p e r ­
a tu re  s im u ltaneou s ly .  C onsider ing  the  b id irec tiona l effect o f  th e  s n o w /ic e  surface, 
two a lg o r i th m s  for c loud  retrieval co rresponding  to snow surface  a n d  L a m b e r t  sur­
face a re  developed . As sa te l l i te  rem ote  sensing  a lm ost alw ays assu m es  c lo u ds  to 
be one hom ogeneous layer, we first e x am in ed  the  u nc e r ta in t ie s  of c loud  re tr ieva ls  
with reg ard  to  p a r t ly  c lou dy  cover, m u lti- layer  s t ru c tu re ,  cloud p hase  a n d  v e r t i ­
cally inhom ogeneous s tra t if ica tio n .  It is found th a t  c loud  in h o m og en e ity  causes 
the  re tr iev ed  cloud effective d rople t size to  be abou t 80-90% of r f: a t th e  c loud  top. 
while th e  e r ro r  in r  is on ly  5-10%. T h e  p resence  of p a r t ly  c loudy  cover leads to  an 
o v e re s t im a te  o f re and  an  u n d e re s t im a te  o f  r .  Retrieval o f  r e and  r  for c ir ru s  over­
lying w a te r  clouds is possib le when <  0.2. b u t  the  re tr iev ed  rc is 20-30% larger 
than  th e  r e o f  lower w arm  clouds. U n ce r ta in ty  in th e  rad io m e tr ic  m e a s u re m e n t  in 
A V H R R  channe l  2 rep resen ts  the  m ain  source of u n c e r ta in ty  for th e  re tr iev a l  of 
cloud o p t ica l  d ep th .  T h e  a lgo ri thm  is m o re  reliable for re la tive ly  th ick  c lo u ds ,  but 
for th in  c louds  ( r  <  2). th e  re trieval e rro r  is large.
T h ese  a lg o r i th m s  a re  te s te d  against (1) the  NC’A R  C-130 in-situ  m e a s u re m e n ts  
of cloud effective d ro p le t  size. (2) the  re trieval of o p tica l  d ep th s  u s ing  su rface  
incom ing  so lar  rad ia t io n ,  a n d  (3) the  M A S d a ta  co llec ted  on th e  N A S A  ER-2. 
Overall, t h e  re tr ieved  c loud  d rople t effective radius is in good  ag ree m e n t  w i th  the
LS9
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a c tu a l  c loud d rople t size, but th e  c loud  op tica l  d ep th  tends  to  be  o v e re s t im a te d  
over  sn o w /ic e  surfaces. A much b e t t e r  ag reem en t  of th e  c loud op tica l  d e p th  derived  
from  A V H R R  with t h a t  derived from  surface  m e asu rem en ts  is o b ta in e d  a f te r  snow 
m e l t .  O v e r lap  of c ir ru s  overlying t h e  lower w arm  cloud or th e  ex is tence  o f  m ixed  
p h a se  c louds is one o f  m ost im p o r ta n t  reasons for th e  d isag reem en t b etw een  sa te l ­
l i te  re t r iev ed  r  and t h a t  derived from  surface  m e asu rem en ts  d ue  to  th e  in a c c u ra te  
r e p re s e n ta t io n  of th e  phase  function .
C lou d  optica l d e p th  was also re tr iev ed  using th e  dow nw ard  so lar  rad ia t ion . 
B ecau se  th e  dow nw ard  solar rad ia t io n  is insensitive  to  cloud d rop le t  size, we m ay  
use a  c o n s ta n t  value o f  rr: = T f im  w hile  der iv ing  th e  c loud op tica l  d e p th .  A -5% 
u n c e r ta in ty  in th e  su rface  rad iom etr ic  m e a su re m e n t  resu lts  in an u n c e r ta in ty  in r  
o f  a lm o s t  3-4 for h igh  albedo surfaces. From  th e  S H E B A  surface m e a su re m e n ts  
d u r in g  A pril  to A u g u s t .  199S. th e  m e a n  op tica l  d e p th  is found to  be a b o u t  10. and  
it t e n d s  to  increase a f te r  the  onset o f  m e lt .  T h e  e rro r  in cloud re trieval is larger 
on A p ri l -M ay  as c o m p a re d  to th a t  in  Ju n e -A u g u s t .
T h e  surface a lb edo , snow gra in  size, surface  t e m p e ra tu re ,  c loud o p t ica l  d e p th  
a n d  effective d rople t size are used as inp u ts  to  the  R TM  to  c o m p u te  th e  S R B . In 
C h a p t e r  6 we eva lua ted  th e  u n c e r ta in ty  in th e  SR B  to  th e  ind iv idual  inpu t  variables 
re t r ie v e d  from sa te l l i te  rem ote  sensing  d a ta  an d  th e  com bined  u n ce r ta in t ie s .  We 
fo und  t h a t  th e  effect o f  cloud inhom ogene ity  a n d  cloud phase  on DSSR an d  X SSR 
is sm a l l ,  bu t  the ir  effect on the  ra d ia t iv e  forcing o f  th e  a tm o s p h e r ic  co lu m n  is 
very  large, p a r t icu la r ly  for the  s i tu a t io n  w ith  th in  c irrus over liquid w a te r  clouds 
s ign if ican tly  enhances  th e  cloud ra d ia t iv e  forcing. T h e  com bined  u n c e r ta in ty  is 
a b o u t  ± 1 0  u n d e r  clear sky  cond it ions  for DSSR. B ut u nd e r  c loudy  sky
c o n d it io n s ,  the  D S S R  u n ce r ta in ty  could  be as high as ± 3 0  ~  4 0 H '/n - 2 . This 
is d u e  to  th e  large u n ce r ta in ty  in c loud cover and  cloud op tica l  d e p th  re tr ived  
o v e r  snow o r ice surfaces. T he  u n c e r ta in ty  in th e  net rad ia t io n  a t  th e  su rface
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is ± 1 5  ~  20H*m - 2 . and  is even larger for clear sky over snow  surfaces. From 
the  surface  and  cloud p roperties  re trieved  from A V H R R  overpasses over SH EBA  
betw een A pril  an d  A ugust,  the  D SSR  and  NSSR are  e s t im a te d  a n d  co m p ared  with 
those der ived  from  surface m e asu rem en ts  at SH E B A . T h e  resu lts  show th a t  before 
the  snow m e lt ,  th e  e rro r  is m ore  th a n  30%. but a  good  ag reem en t is found after 
the  onset o f  snow m elt  begins, an d  th e  m ean error is abou t 7%. Seasonal variation 
of DSSR and  N SSR  depends not on ly  on variation of solar z e n i th  angle, bu t  also 
on the  v ar ia t ion  of cloud p roperties  an d  surface albedo.
In th is  work m ore  th a n  100 A V H R R  images were exam in ed  and  th e  results 
com pared  w ith  S H E B A  surface m easu rem en ts  and  aircraft  F IR E -A C E  d a ta  sets. 
Most resu lts  a re  prom ising. However, fu rther tes ts  w ith  m ore d a t a  will be helpful. 
W ith  m a n y  m o re  sa te l l i tes  sensors a lready  launched, o r  soon to  be launched , more 
d a ta  w ith  m ore  su itab le  channels will become available on th e se  sa te ll i te  in s tru ­
m ents . T h ese  new d a ta  will p rovide  th e  opp o rtu n ity  to  ca lib ra te  the  A V H R R  da ta ,  
and  thus  p ro v ide  b e t t e r  retrievals o f surface and  cloud p ropert ies .  However, only 
A V H RR  provides th e  o p p o r tu n i ty  to  use d a ta  collected over th e  past 20 years to 
s tu d y  possib le  long te rm  changes in cloud and surface p ropert ies  re la ted  to  c lim a te  
change. In th e  fu tu re ,  we plan to  use d a ta  from th e  ARM  m e a su re m e n ts  over the  
N orth  S lope  of A laska. Barrow in con junction  with collocated A V H R R  a n d  M ODIS 
d a ta  to c o n d u c t  add itiona l  tes ts  o f  these  a lgorithm s. T he  re trieval a lgo ri thm s de­
veloped in th is  thesis  can be u ti l ized  to s tudy  cloud and surface  p ropert ies  and 
the  rad ia t io n  b ud ge t  in the  A rctic  region as well as th e  en tire  g lobe. Following the  
sam e philosophy  b u t  w ith  su itab le  changes, these a lgo rithm s can  be ex tend ed  for 
app lica t ion  to  o th e r  sa te ll ite  sensors.
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